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INTRODUCTION

The goal of our research over the last several years has
been to describe the response of nervous tissue to low levels
of externally-applied electric fields and to define the
underlying mechanisms by which these effects occur. We chose an
in ywitro system to address these questions since one can more
precisely define and control the physical and biological
parameters used,

In these studies, we have tested both direct and induced

current (PEMF) and identified a "window"™ of current wherein

neuronal growth is stimulated; 1levels below this window are

while those above are deleterious. Accurate determinations of

effective and deleterious electric field 1levels may be of

significant importance to the Department of Defense as the number

of external electric fields of various magnitudes continues to
increase in the environment of all working personnel using
sophisticated electronic equipment.

As importantly, we bhave made progress in defining the
mechanisms underlying the observed electric field effects. These
experiments implicate current-induced modification of calcium ion
concentration at the neuronal cell membrane.

The results of our studies performed under a contract from
the Office of Naval Research are summarized here., Additional
studies (presented under the heading Supplementary Studies) were
included as natural consequences of our work and constitute new
areas of investigations.

Two of these areas have explored other in yvitro nerve

preparations (the neuroblastoma cell as a model for "neuronal"”

3



differentiation, and spinal cord explants as a model for electric

field effects on central nervous system regeneration). The other

three areas have addressed electric field effects on normal

chick development, sciatic nerve regeneration in the rat, and the

growth response to direct current in amputated rat limbs.

connlibhcatenifiny




General Conclusions from our Experiments
using explants of Dorsal Root Ganglia

1. DC, NGF stimulate neurite outgrowth. Neurite outgrowth is corre-
lated with protein/ganglia and DPM/ganglia in these cultures. This
correlation may reflect increased synthesis of membrane components and
cytoskeletal proteins.

2. Cytosine arabinoside (ara C) triggers exaggerated neurite outgrowth
in controls while not affecting PEMF and DC groups. Long term effects
in NGF group may reflect relatively greater concentration of the
growth substance since nonneuronal cells are depleted. Recovery from ara
C is greatest in NGF group.

! : 3.Constant current devices have been fabricated and tested. In 8 day
i chick embryos, maximal responses are obtained using current levels of

30-60 nA; in 14 day embryos, these levels are 90 nA. Conductivity
measurements of tissue culture media at different temperatures have
% been made and new values for media at 37°C published.

4, A correlation of neurite ouEgrowth with current density has been
found in: BC cultures (9 nA/cm”“ and above), and in PEMF cultures

(at 0.7uA/cm®) with the coils oriented vertically.

5. Ion substitution studies show that calcium influx inhibitors (La+3,'
Verapramil) mimic neurite outgrowth. Increased external calcium or
A23187 inhibit neurite outgrowth, There appears to be a correlation of
DC effects with decreased calcium entry into neurons.

6. Membrane potentials were measured in neurons after 10-12 days
in wvitro. Values range from -30 to-62 mV in controls, -40 to-62
mV in DC. Acute application of 10, 30 or 90 nA constant current
while recording intracellularly have shown no effect on membrane
potential,




Direct and Induced Current and NGF on 8 Day Chick Embryos

Dorsal root ganglia (DRG) from 7-8 chick embryos (Figure
l)were dissected in Dulbecco's phosphate buffered saline (Gibco),
and 6-8 DRG were immediately placed in 5 or 8 ml culture medium
in 60 mm Falcon culture dishes. Two types of culture media were
used: complete medium consisting of Dulbecco's Modified Eagle's
Medium with 10% dialyzed fetal calf serum (Gibco), 600 mg%
glucose, glutamine (2 mM) and 1% penicillin/streptomycin, or,
complete medium containing cytosihe arabinoside (ara c,
cytarabine, Upjohn) at a final concentration of 8 ug/ml. Since
the addition of ara C has been used in many studies to inhibit
proliferation of non-neuronal cells, é separate series of
experiments in ara C-containing medium was performed to determine
the effects of different levels of current density on explants
consisting primarily of neuronal cells.

Each day's experiment contained four treatment groups: a control
group (non-treated), a group treated with nerve growth factor (NGF) at
a final concentraion of 10 nM, a group treated with PEMF (single
pulse, 72 Hz) for 12 hrs/day for 2 days, and a group treated for 3
days with 10 nA applied direct current (DC). Each group cbntained 2-4
dishes per experiment; each experiment was repeated 3-4 times.

Nerve growth factor (2.5s) was obtained from R. Bradshaw
(Irvine, CA). Direct current was applied by connecting two
tantalum electrodes suspended in the culture medium to a 1.4 V
battery; subsequent experiments to determine optimum current
levels wutilized connections to constant current drivers These
electrodes were configured to create a non-uniform field on the

bottom of the dish; the single center electrode was the cathode,

6
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Figure 1. Eight Day Chick Embryo illustrating location of
peripheral sensory ganglia (trigeminal and dorsal
root ganglia) used for testing in vitro.

Trigeminal Ganglia (TG)

Sympathetic Ganglia (SYG)

".,:.- .
ey

Dorsal Root Ganglia (DRG)

EIGHT DAY CHICK EMBRYO
(Stage 34)
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the large <circular electrode was the anode (Figure 23). The
total current measured was 10 nA. Details of this system and the
current/voltage relationships have been reported (Sechaud and
Sisken, 1981). The current density and electric field on the
bottom of the dish has been calculated and is presented in Figure
3A,

Pulsed electromagnetic fields were generated by Helmholtz
coils provided by ElectroBiology Inc., NJ. The dishes were
placed in a column between the vertically-oriented coils (Figqure
2B); the current density in these dishes is zero at the edge of
the dish, increases fairly rapidly to a level that is dependent
upon the height of the medium in the dish, and remains constant
until reaching the opposite edge of the dish where it drops to
zero (Figure 3B).

All dishes were incubated in a 5%C02, 95% air atmosphere for
6 days. In some dishes, 3H-proline at a final concentration of 4
uC/ml was added 20 hours before fixation to determine protein
synthetic capability. All cultures were fixed with 3.5%
glutaraldehyde in 0.1M cacodylate buffer, and scored for neurite
outgrowth. The cultures exposed to 3H~-proline were prepared for
radioautography by fixing overnight, rinsing in 0.1M cacodylate
buffer (3 changes) then in distilled water and inverting them to
drain. In the darkroom, they were covered with liquid emulsion
(Kodak NTB2), drained until dry, and exposed in light-proof boxes
for 3 weeks at 4°C. They were developed in Dektol: water (1l:2),
and fixed in Kodak fix solution.

Neurite outgrowth in the ganglia was determined after



Figure 2A. Culture dish top modified to deliver constant current
(1 - 100 nA) to nerve tissue placed between the center
: cathode and peripheral anode.

60 mm.

22 mm

mrwtemacrem o --—--.-‘

Figure 2B. Placement of culture dishes between coils for PEMF experiments
and current density distribution as a function of diameter
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Figure 3A. Electric Field and Current Density-as a function of dish radius

ELECTRIC FIELD AND CURRENT DENSITY DISTRIBUTION in constant current experiments
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incubation according to the method of Fenton (1970). This method
assigns a score to each ganglion based on the number, length, and
degree of branching of the neurite emanating from the original
explant. The scoring system assigns 0 to a ganglion with no
outgrowth and +5 to a ganglion with maximal outgrowth. Treatment
with 1078 M 2,55 NGF routinely yielded close to a +5 score at 3
days in vitro. To compare treatments, scores for all ganglia in
their respective groups were pooled and means and standard
deviations were obtained. Using NGF, most observers note the
maximal response after 1 or 2 days in vitro, the response being
somewhat more variable at 3 days. However, we have used this
time period and 6 days as a later time period in experiﬁents in
which we determine long-term effects with a Cajal silver stain or
autoradiographs to substantiate phase microscopic scoring of the
neurite outgrowth.

The Lowry method was used to determine protein content;
incorporation of 3H-proline into protein was assessed after
incubation of the ganglia in isotope for the last 20 hours of
incubation (4 uC/ml final). At the end of the incubation period,
the neurite outgrowth was determined under phase microscopy, the
media removed and the ganglia washed 3X in buffered saline. The
ganglia 'were homogenized by suspending them in 2c¢cc distilled
water and triturating them repeatedly with a 1 cc syringe with a
26 gauge needle. Aliquots of the suspension were taken for
protein determinations and 1liquid scintillation counting;
incorporation was determined on a DPM/ug prétein basis or a

DPM/ganglia basis.
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The Dunnett's Multiple-Comparison Test was used to test
significant differences between the mean of all control dishes

and the mean of all dishes in the various treatment groups.

Results

An example of the response of a sensory ganglia
(trigeminal) to low levels of direct current is illustrated in a
scanning electron microscope picture (Figure 4). Long branching
neurites have grown from the parent neuronal cell bodies located
close to or below the bottom of the explant. Similar growth
responses to these levels of DC were obtained with dorsal root
ganglia (Figure 5).

Comparison of neurite outgrowth in the four groups (control,
nerve growth factor, pulsed electromagnetic fields-vertical and
direct current) at 3 days in vitrq are demonstrated in Figures 6-
7. Figure 8 and Figure 9 illustrates neurite outgrowth, protein
content and protein synthesis (incorporation of 3H-proline) in
control, NGF, PEMF-V and DC as a function of age (3 or 6 days in
yitro). Ih Figure 8, the experiments were performed in compléte
medium; those in Figure 9 were performed in complete medium
containing mitotic inhibitor, ara C. Mean + SEM and significant
differences from control are noted in each group; * p = .05;
**p=,01; ***p=,005; ****p=,001 (Asymptotic z test). Note the
correlation of neurite outgrowth, protein content and protein
synthesis/ganglia in both the NGF and DC groups at 3 and 6 days
in wvitro; increased protein content may reflect increased
production of membrane components and cytoskeletal proteins used
for neurite production.

12
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Figure 4, Scanning electron microscope picture of trigeminal ganglia
treated for 3 days with 10 nA DC. The original explant containing most

of the neurons is not in this picture; neurites emanating from these

neurons are long, branched and numerous and have migrated on top of the

non—-neuronal mat. X260,

13
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FIGURE 5

Scanning electrom microscope picture of 8 day DRG after
3 days stimulation with 10 nA direct current. Note the
neurites (nt) that are elongated and branched and lay
over the underlying nonneuronal cells. X1000.

Transmission electrom microscope picture of 8 day DRG
after 2 days in vitro; control. Small nonneuronal cell

aligned along neuritic process. The process is filled
with neurotubules (t), neurofilaments (f), vesicles
and mitochondria. X10,000.

15
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Figure 6. Cajal silver stain preparations used to assess neurite
outgrowth in dorsal root ganglia at 3 days in vitro. The original
explant containing most of the neurons is located on the left side of
each picture with darkly-stained neurites growing over the non-neuronal
cell mat emerging from these neurons. Note the many neurons (n)in D (DC)
indicating increased migration of the neurons from the explant. C
=control; NGF = 10 nM 2.58 NGF; V = PEMF (vertical orientation of coils)
single pulse 12 hrs on/off for 2 days; DC = 10 nA direct current

continuosly for 3 days. Final magnification of A,B,C,D = XSS5.

Figure 7. Neurite outgrowth at 3 days in wvitro in autoradiographs of
dorsal root ganglia grown in the presence of 8 ug/ml cytosine
arabinoside. 3H-proline (4 uCi/ml final) was added to the media 20 hours
prior to fixation. X139, C, N, V and D as in Figure 6. Note the black
neurons (n) and neurites (arrows) indicating heavy incorporation of 3g-

proline into these cells and their processes.
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Correlation of Current Density and Neurite Outgrowth

To determine whether there was any correlation of ganglia
growth with radial position (current density), a transparent
guide containing concentric rings was placed under the bottom of
the culture dish The position of each ganglia in all dishes was
noted and the outgrowth scored. The paired t test for related
measures was used to determine significance of growth relative to
location in the dish. Only dishes that contained ganglia in both
inner and outer rings were included in these analyses.

In our first series (Sisken, McLeod and Pilla, 1985),
location effects (PEMF-vertical orientation) of various current
densities at 2.55 mm (5 cc) or 4.0 mm (8 cc) height on neurite
outgrowth at 6 days in vitro were obtained as were those
untreated or treated with 10 nA DC, or NGF. The results
illustrated in Tables 1-4 (taken from this publication and
renumbered) indicate that in 5 cc of medium (height 2.55 mm) only
ganglia growing in the inner (cathode-containing) ring of the DC
dishes (av. current density of 28.5 nA/cmz) showed stimulated
growth relative to those growing in the outer ring (Table 1).
This difference was not seen with ara C added to the medium. In 8
cc medium (height 4.0 mm), the current density in the PEMF dishes
is higher (0.74 uA/cmz) in the inner ring and significantly

higher growth scores were obtained.

22




TABLE 1

DORSAL ROO™ GANGLIA -5CC COMPLETE MEDIUM
NEURITE OUTGROWTH RELATIVE TO LOCATION IN DISH

OUTER RING INNER RING
GROUP 2DISHES $GANGLIA  SCORE $GANGLIA SCORE p
Control 1 21 2.06 + 1.01 39 2.30 + .49 ns
NGF 9 26 3.66 + .65 39 3.79 + .37 ns
PEMF 6 15 2.56 &+ .63 16 1.96 + 1.4 ns
DC 11 28 2.49 + .9 - 35 2.96 + 1.089 .85

Paired T test for Related Measures, one tailed
TABLE 2
DORAL ROOT GANGLIA - 5 CC COMPLETE MEDIUM + 8 UG/ML ARA C
NEURITE OUTGROWTH RELATIVE TO LOCATION IN THE DISH

OUTER RING INNER RING
GROUP #DISHES #GANGLIA SCORE #GANGLIA - SCORE
Control 9 27 4.2 4+ .52 22 4.97 + .83
NGF 5 18 2.37 + .63 12 S 2.72 % .44
PENF 5 20 4.73 + .43 11 4.53 + .36
DC 6 14 1 3.96 + .4 15 4.33 + .82

Paired T test for Related Measures, one tailed
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TABLE 3

DORSAL ROOT GANGLIA - 8CC COMPLETE MEDIUM
NEURITE OUTGROWTH RELATIVE TO LOCATION IN DiSH

OUTER RING INNER RING

GROUP #DISHES #GANGLIA SCORE #GANGLIA SCORE | o)
Control 5 19 l1.86 + .89 25 2.0 * .39 ns
PENF 11 22 2.11 + 1.16 45 3.02 + 1.12 .@25

Paired T Test for Related Measures, one-tailed

TABLE 4
DORéAL‘ROOT GANGLIA - 8CC COMPLETE MEDIUM

COMPARISON OF NEURITE OUTGROWTH BETWEEN GROUPS
GROUP #DfSHES o #GANGLIA MEAN SCORE + S.D. P
CONTROL 8 o35 1.5+ .87
PEMF 14 67 2.73 + 1.06 .0805

T-test Between Two Independent Means

24



When ganglia were exposed to the coils horizontally-
oriented (Figure 10 and see Sisken, McLeod and Pilla, 1984} no
significant differences were noted in ganglia growing in the
inner ring (range of 0 - 3uA/cm2) relative to those growing in
the outer ring (3 - 4.7 uA/cmz). Since the current density
associated with stimulated growth (0.4-0,.7 uA/cmz) in previous
experiments was found in only a small portion of the dish in the
present experiments, we may not have a biological system
sensitive enough to note the differences. The data illustrating
these findings are found in Tables 5 and 6.

Maximum Current Level Determinations

For experiments using constant direct current, the culture
dish top was removed and replaced with one containing tantalum or
platinum electrodes (see Figure 2A);the two electrodes emerging
from the dish were inserted into a (male/female) plug which was
connected to constant current drivers. The drivers were
constructed according to schematics published in the National
Semiconductor Linear Applications Bandbook of 1978. In this
system, 1levels of constant current in the range of 1-100 nAmp
could be obtained; a Keithley Electrometer (602) was used to
monitor the voltage.

Neurite outgrowth was determined in dorsal root ganglia in
control and experimental dishes at constant current levels of 10-
90 nA total current., In Figure 11, each point (at 10,30,60,90 nA)
represents the mean score obtained from 6 diéhes or more (six-
eight ganglia per dish). Examples of these scores are presénted

in Figures 12 and 13.
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TABLE §

Dorsal Root Ganglia in 5 ml Complete Medium

Neurite Outgrowth Relative to Location in Dish

Outer Ring
Group No. Dishes No. Ganglia Score
Control 9 12 1.99 + 1.04
PEMF, H 8 13 2.17 £ .52
17
TABLE 6.

Dorsal Root Ganglia in 5 ml Complete Medium + 8 ug/ml ara C

Inner Ring

No. Ganglia
24
27

Score

1.7 i’_
1.83 %

Neurite Outgrowth relative to Location in Dish

Outer Ring
Group No. Dishes No. Ganglia . Score
Control 5 13 . 3.95 + .37
PEMF, H 8 27 3.85 £ .5
13 40

27

Inner Ring

No. Ganglia Score

14
18

.98

.95

4,04 + .3

3.7

+

.82

-
"
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Figures 12 and 13. Neurite outgrowth at 6 days in witro in
autoradiographs of dorsal root ganglia treated with different

34-

levels of constant current or ion substitution experiments,
proline (4 uCi/ml final) was added to the media 20 hours prior to
fixation. Neurons and neurites (nt) are blackened indicating
proline incorporation., Note the increased numbers of neurites
(nt) in ¢, D, E, F (10 and 30 nA), the migrated neurons in F (30
nA DC) and the complete absence of neurons in G and H (ionophore

treatment). A, B = control; C, D= 10 nA DC; E, F = 30 nA DC; G,

H =1 uM A23187 ionophore. A, C, E, G = X55; B, D, F, H = X139,

Figure 14. Neurite outgrowth at 6 days in witro in
autoradiographs of dorsal root ganglia ; 3H—proline (4 uCi/ml
final) was added to the media 20 hours pfior. to fixation.
Neurons .and neurites (nf) are blackened indicating proline
incorporation. Note the 1lack of neurites in B (added calcium
chloride) and increased numbers of neurites in C and D. A =
control culture; B = culture treated with 12 mM calcium chloride;
C = culture treated with 1 uM Verapramil; D = culture treated

with 1 mM lanthanum chloride.
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Ionic Effects on Neurite Differentiation

Administration of current through a salt-containing medium
necessarily involves ion movement; shifts in ion species around
the cell may perturb the cell membrane resulting in cascade-like
events in ion fluxes (sodium, potassium and calcium
specifically). Calcium flux changes have been associated with
proliferative signals or stimulus-response coupled c«c.tivities in
a variety of systems (7,9,10,11). Adey and his associates (1-4)
demonstrated that acute application of electric fields to brain
slices enhanced <calcium efflux, and such studies have been
confirmed by Blackman et al (5,6). In earlier studies we also
demonstrated that current application was associated with
decreased calcium influx and increased calcium efflux, indicating
that relatively more calcium was bound to external membrane pools
{(18). Blocking calcium entry as a result of current application
has been implicated in the stimulation of regeneration of the
lamprey spinal cord in vivo by Cohen and his associates (12). The
clinical use of standard biological solutions containing chemical
agents that chelate calcium or block its entry has been reported
by DeMedinaceli et al (8) as a means of enhancing peripheral
nerve regeneration.

The aims of this study were to designed to compare the
effects of direct current with the effects of various agents
known to modify intracellular calcium levels,

Dorsal root ganglia (DRG) from 7-8 day chick embryos were
dissected in Dulbecco's phosphate buffered saline and placed in
Falcon 60 mm culture dishes containing 5 c¢c of Dulbecco's
Modified Eagle's Medium with 10% dialyzed fetal bovine serum
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(both from Gibco, NY), 0.6% added glucose, 2 mM glutamine and 1%
penicillin/streptomycin (Gibco, NY). Each experiment
included four replicate dishes per group and was repeated 3-5
times. The treatment groups were: control (untreated); constant
current levels of 10, 30, 60, and 90 nA; nerve growth factor
(NGF, 10 nM); calcium chloride (6- 12 mM); lanthanum chloride
(0.1-1 mM); the calcium ionophore A23187 (Lilly, 1 uM);
verapramil (Knoll Pharm., 1 uM).

All cultures were incubated in 95%air/5% CO2 for 6 days;
direct current was applied for 3 days and turned off for the
remaining time. At 6 days, all cultures were fixed with 3.5%
glutaraldehyde in 0.1 M phosphate buffer, and scored under phase
microscopy. The scoring sytem for neurite outgrowth has been
described (17,18); growth scores for each ganglion were
determined and a mean score for each dish obtained. Mean dish
values 1in each group were averaged so that comparisons between
treatment groups could be made.

In Figure 13 (G and H) and Figure 14, typical examples of
the effects of various agents on neurite outgrowth are
illustrated. The difference in scores between each experimental
group and the control group 1is plotted in Figure 15 as a
function of molar concentration of the various calcium-modifying
compounds. Those compounds known to inhibit calcium entry into
cells (verapramil, lanthanum) produce stimulatory effects similar
to those of direct current; neuritic processes extending from the
centrally-placed neurons were prominent (Fig. 15 C,D). The

optimal response was obtained with 0.5 mM lanthanum chloride or 1
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uM verapramil. On the other hand, increasing calcium entry by
increasing extracellular <calcium chloride to 6~ 12 mM or by
adding 1 uM A23187 inhibited the growth response to below control
values. After 6 days of constant exposure to A23187, however, no
score was obtained since there were no nerve cells present; the
ganglial explant consisted of glia and fibroblasts alone.

The ionic contribution to the current-induced regenerative
response was studied by noting the effects of chemical agents
that are known to affect intracellular levels of calcium, The
data obtained support the accepted theory that regenerating
neurites are inhibited by high lévels of calcium ions. This
agrees with the experiments of Schlaepfer et al (13-15) who
demonstrated that degenerative changes occur in axonal
microtubules and microfilaments of transected neurites exposed to
high levels of calcium. Such changes were prevented when calcium
was removed from the medium with the calcium chelator, EGTA. 1In
our experiments, exposure to verapramil or lanthanum, agents
known to block calcium entry, stimulated neurite production and
growth. Increasing exogenous calcium, or adding the ionophore
223187 to the medium to increase calcium entry into cells
inhibited neuritic growth. 1In fact, at a concentration of 1 uM,
the ionophore caused neuronal death,

Overall, the data suggests that the mechanism of action of
direct current stimulation of neuronal regeneration may involve
two factors: (1) current generated between the two electrodes
causes the cells to migrate away from the ganglial éenter
thereby exposing the neurons to the current-induced ion changes
and minimizing non-neuronal overgrowth, and (2) the applied
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current may reduce the influx of calcium by "electrostatic"

attraction of calcium ions to the external cell membrane.

Direct and Induced Current Effects on Older (14 day) Chick Ganglia

The importance of testing electric field effects on ganglia
obtained from older embryos is relevant because of the lack of
response to growth substances as NGF; whereas young sensory and
sympathetic ganglia are stimulated by NGF, older sensory ganglia
are not responsive. A stimulatory response to an applied
electric field constitutes a new and different finding.

Using our same protocol, we tested the effects of constant
current and PEMF on 14 day dorsal root ganglia grown in complete
medium and medium containing ara C. The results we obtained are
found in Table 7 and illustrated in Figure 15. Only high levels
of DC (90 nA) stimulated outgrowth significantly; the long fibers
were observed extending to the end of the non-neuronal cell mat.
In the presence of ara C used to inhibit fibroblast overgrowth,
no differences were seen between treated and controls although
DC-treated ganglia showed induction of remarkably long processes

(Figure 15 C and D).

Effects of Electric Fields on Fetal Rat Sensory Ganglia

Although many experiments were performed on 15 day fetal rat
sensory ganglia testing growth stimulation of either direct or
induced current, no growth was noted; treatment with nerve

growth factor however did produce a high growth response.
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TABLE 7

14 Day Dorsal Root Ganglia in 5 ml Complete Medium
Comparison of Neurite Outgrowth Between Groups

Number Mean Score
Group . Dishes + SD
Control 12 ’ .91 =+ 6.77
PEMF-V 8 .25 £ 1.17
DC-CC(90nA) 11 2.84 + 1.06

‘14 Day Dorsal Root Ganglia

in 5 ml Complete Medium + 8 ug/ml Ara C
Comparison of MNeurite Outgrowth Between Groups

Number Mean Score
Group Dishes + SD
Control 7 ' 2.57 + B8.65
DC-CC (90nA)

9 2.68 + 0.71
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Figure 15. Representative pictures of 14 day dorsal root ganglia after 6
days in vitro. Long processes (arrows) have grown from the ganglia over
the non-neuronal cells in A and B (90 nA direct current), phase
microscopy. Autoradiographs of 14 day dorsal root ganglia (C and D)
grown in 8 ug/ml cytosine arabinoside and treated with 10 nA DC; 3g-
proline (4 uCi/ml final) was added to the media 20 hours prior to
fixation. Although no significant differences were found between

control and DC cultures, application of DC appeared to produce longer

neurites. A, C = X34; B, D = X85.6.
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Determination of Electrophysiological Parameters of Cultured
Dorsal Root Ganglia under the Influence of DC

With Dr. Gary Ringham, we set up his neurophysiology
equipment at Wenner Gren Laboratory, modifying an inverted Nikon
phase microscope to hold a warming plate with circulating water
to maintain the cultures at 35°C, and placing a micromanipulator
(purchased with ONR funds) adjacent to it, After 6 months, Dr.
Ringham 1left the university and was able to work on this project
intermittenly on week-ends. The data we have obtained from this
work is not complete but is presented in Figures 16-18.

The equipment, culture dish containing electrodes for DC
application, impalement of a dorsal root ganglion‘ neuron and
resulting action potentials obtained after intracellﬁlar inﬂection
of current are illustrated in Figure 16. Recordings from neurons
previously treated with DC or PEMF are found in Figure 17 and 18,
Application of 10-90 nA DC acutely to impaled neurons showed only
small (1-3 mV) shifts in potential as recorded graphically but
these were not consistent. Further investigation to determine

whether this shift is valid was not completed.
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Figure 16. Determination of electrophysiological parameters of cultured
neurons. Picture (A) of inverted phase, bright field Nikon microscope
with culture dish in place indicating micromanipulator (arrow), and
tubes containing circulating warm water (w) to keep the temperature
between 34-36 °C. 1In B, close-up of culture dish with the dish top (tp)
cut away to allow penetration of the individual neurons with the
microelectrode (me); the center and peripheral electrodes are attached
to the remaining plastic to preserve the same geometry normally used in
our culture experiments (see Figure 1). The wires emerging from the
dish were connected to a battery source for application of DC. gd =
ground., C= phase microscopy of a fresh preparation of 14 day dorsal
root ganglia illustrating round neurons near the explant as well as one
penetrated by the microelectrode. Action potentials generated by
depolarization of these neurons is shown in D; spontaneous activity was
rarely observed in cultured neurons but could easily be generated upon

depolarization,
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Figure 17

Intracellular Recordings from Dorsal Root Ganglia, 10-12 DIV

(Complete Medium plus 4.3aM CaCl,) + S.E.M

Treatment Number Resting Membrane Height of Action

Potential Potential
Control 3 58 +3.11 70.6 + 5.46
PEMF, Vertical & 52.25 + 2.6 69.3 + 2.7
Direct Current 1 48 76
15 day
DRG, fresh 8 46.4 + 3.8

PEMF, Vertical

ara C 2 56.5 + 3.8 71 + 9.7
Direct Current

ara C 3 53 + 4.4 50.5 + 3.5
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Membrane Potential (-mV)

Figure 18
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Figure 18 Membrane Potential Recordings after
Treatment with Direct Current or
PEMF-V fior the first three days of
incubation
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SUPPLEMENTARY PROJECTS

In Vitro Studies:
DC Effects on Neuroblastoma (N18) Cell Differentiation

DC and PEMF Effects on Central Nervous System Regeneration

In VYivo Studies

PEMF Effects on Normal Chick Development
PEMF Effects on Sciatic Nerve Regeneration in the Rat

DC and Neural Implant Effects on Amputated Rat Limbs
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Poster Presentation at the
Fourth Annual Meeting of the
Biocelectric Repair and Growth Society

November 5-8, 1984, Kyoto, Japan

The EBffects of Direct Current on Neurite QOutgrowth in
N18 Mouse Neuroblastoma Cells treated with Ara- C

Betty F. Sisken and R. Scott Estes

b . .

1. To determine the effects of 10 nA constant current on neurite
outgrowth (differentiation) and cell survival of N18 neuroblastoma
cells in the presence of Ara- C (cytosine arabinoside)

2. To determine whether the percentage of differentiated cells differs

as a function of location (current density).
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THE EFFECTS OF DIRECT CURRENT ON NEURITE OUTGROWTH
IN N18 MOUSE NEUROBLASTOMA CELLS TREATED WITH ARA-C

P12

B.F. Sisken and R.S. Estes

Our previous studies have demonstrated that direct current
(DC) enhances neurite outgrowth in primary cultures of chick dorsal
root ganglia (DRG). We have extended our investigations of this
phenomenon by examining the response of N18, a mouse neuroblastoma
cell line, to DC under similar conditions.

N18 cells were plated in 60mm dishes containing Dulbecco's
Modified Eagle's Medium with 107% dialyzed fetal bovine serum,
antibiotics, 0.6% additional dextrose and %mM additional glutamine.
The dishes were incubated in 57% CO2 at 37°C for 24hr to allow for
uniform attachment and one doubling of the cells. Ara-C was added
to a final concentration of O.Sug%ml to inhibit cell division and
promote differentiation. Experimental dish tops were fitted with
either tantalum or platinum electrodes; the center electrode was
the cathode. Control dishes were without electrodes. DC was
applied to experimental dishes, at either 10 or 32nA for 72hr.
Dishes were then fixed with glutaraldehyde and five fields in
similar regions of each dish were visually examined at 100X. The
total number of cells per field, with and without neurites, was
counted. The neurite outgrowth score (NO) was defined as the
number of cells which developed neurites of a length greater than
twice the diameter of the cell. Data were expressed as a proportion
(NO/total number of cells) which was passed through a variance
stabilizing transformation for statistical analysis.

Treatment with DC, at either 10 or 32nA, significantly
increased the NO of N18 cells relative to controls, both in the
center of the ‘dish (p=.005) .and at the periphery (p=.01). The
neurites were long (0.25-1.5mm) and tended to form interconnections
with the adjacent cells, neither of which was found consistently in
control cultures. However, DC significantly (p=.01) reduced the
survival of N18 cells.

The effects of DC on N18 are quite similar to those observed
in primary cultures of chick DRG (Sisken, et al, 1983) with
significant enhancement of NO occurring near the cathode. However,
we feel that the "effective current window'" for the N18 cells {is
lower than that for primary cultures, which may account for the
decreased survival. The N18 system may prove useful as a simple
and reproducible tool for examining the basic mechanisms of action
of DC on neuronal cultures at the cellular level.

This research was supported by the Office of Naval.Research:
ONR N0O0O14-82-K-105. '

Wenner Gren Research Laboratory

and the Department of Anatomy,
University of Kentucky,
Lexington, KY, USA 40506
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QUR PREVIOUS STUDIES HAVE DEMONSTRATED THAT DIRECT CURRENT
(DC) ENHANCES NEURITE OUTGROWTH IN PRIMARY CULTURES OF CHICK DORSAL
ROOT GANGLIA (DRG)., We HAVE EXTENDED OUR INVESTIGATIONS OF THIS
PHENOMENON BY EXAMINING THE RESPONSE OF N18, A MOUSE NEUROBLASTOMA
CELL LINE, To DC UNDER SIMILAR CONDITIONS,

N18 ceLLs weRe PLATED IN bOMM DISHES CONTAINING DuLBECCO'S
MopiFiep EAGLE’s Mepium wiTH 107 DIALYZED FETAL BOVINE SERUM,
ANTIBIOTICS, 0,67 ADDITIONAL DEXTROSE AND ZMM ADDITIONAL GLUTAMINE,
THE DISHES WERE INCUBATED IN 57 C02 AT 37°C FOR 24HR TO ALLOW FOR
UNIFORM ATTACHMENT AND ONE DOUBLING OF THE CELLS. ARA-C WAS ADDED
TO A FINAL CONCENTRATION OF 0.5UG/ML. TO INHIBIT CELL DIVISION AND
PROMOTE DIFFERENTIATION., EXPERIMENTAL DISH TOPS WERE FITTED WITH
EITHER TANTALUM OR PLATINUM ELECTRODES: THE CENTER ELECTRODE WAS
THE CATHODE., CONTROL DISHES WERE WITHOUT ELECTRODES. DC was
APPLIED TO EXPERIMENTAL DISHES, AT EITHER 10 oR 32NA FOR /2HR,
DiSHES WERE THEN FIXED WITH GLUTARALDEHYDE AND FIVE FIELDS IN
SIMILAR REGIONS OF EACH DISH WERE VISUALLY EXAMINED AT 100X. THE
TOTAL NUMBER OF CELLS PER FIELD, WITH AND WITHOUT NEURITES, WAS
COUNTED.,  THE NEURITE OUTGROWTH SCORE (NO) WAS DEFINED AS THE
NUMBER OF CELLS WHICH DEVELOPED NEURITES OF A LENGTH GREATER THAN
TWICE THE DIAMETER OF THE CELL. DATA WERE EXPRESSED AS A PROPORTION
(NO/TOTAL NUMBER OF CELLS) WHICH WAS PASSED THROUGH A VARIANCE
STABILIZING TRANSFORMATION FOR STATISTICAL ANALYSIS,

- TREATMENT wWiTH DC, AT EITHER 10 OR 32NA, SIGNIFICANTLY
INCREASED THE NO ofF NI8 CELLS RELATIVE TO CONTROLS., BOTH IN THE
CENTER OF THE DISH (p=,005) AND AT THE PERIPHERY (pP=,01). THE
NEURITES WERE LONG (0.25-1,5MM) AND TENDED TO FORM INTERCONNECTIONS
WITH THE ADJACENT CELLS., NEITHER OF WHICH WAS FOUND CONSISTENTLY IN
CONTROL CULTURES. However, DC sieNIF1cAaNTLY (P=.01) REDUCED THE
SURVIVAL OF N18 ceLLs.,

THe eFFecTs oF DC on N18 ARE QUITE SIMILAR TO THOSE OBSERVED
IN PRIMARY CULTURES oF cHIck DRG (Sisken, ET_ AL, 1983) wiTH
SIGNIFICANT ENHANCEMENT OF NO OCCURRING NEAR THE CATHODE, HOWEVER,
WE FEEL THAT THE "EFFECTIVE CURRENT WINDOW” FOR THE N18 cELLS IS
LOWER THAN THAT FOR PRIMARY CULTURES, WHICH MAY ACCOUNT FOR THE
DECREASED SURVIVAL. THE N18 SYSTEM MAY PROVE USEFUL AS A SIMPLE
AND REPRODUCIBLE TOOL FOR EXAMINING THE BASIC MECHANISMS OF ACTION
ofF DC ON NEURONAL CULTURES AT THE CELLULAR LEVEL.

THIS RESEARCH WAS SUPPORTED BY THE OFFicE OF NAVAL RESEARCH:

ONR NOOO14-82-K-105., 49
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METHODS

Series [: NI8 ceLLs WERE PLATED IN 60mM DIsHES (FaLcon 3001)
CONTAINING DuLBecco’s MoDIFIED EacLE's MEDIuM (GiBco) wiTH 10%
DIALYZED FETAL BOVINE SERUM (GIBCO). PENICILLIN/STREPTOMYCIN, (.67
ADDITIONAL GLUCOSE., AND 2MM ADDITIONAL GLUTAMINE. THE DISHES WERE
INCUBATED IN A 57 (0o ATMOSPHERE AT 379C FOR 2UHRS TO ALLOW FOR
UNIFORM ATTACHMENT AND ONE DOUBLING OF ' THE CELLS., ArA-C
(CYTARABINE - UPJOHN) WAS ADDED TO A FINAL CONCENTRATION OF
0.5u06/ML TO INHIBIT CELL DIVISION., EXPERIMENTAL DISH TOPS WERE
FITTED WITH EITHER TANTALUM OR PLATINUM ELECTRODES: THE CENTER
ELECTRODE WAS THE CATHODE. CONTROL DISHES WERE WITHOUT ELECTRODES.
DirecTt cURRENT (DC) wWAS APPLIED TO THE EXPERIMENTAL DISHES AT
EITHER 10 orR 32NA FOR 72ZHR, DISHES WERE THEN FIXED WITH
GULTARALDEHYDE AND FIVE FIELDS IN SIMILAR REGIONS OF EACH DISH WERE
VISUALLY EXAMINED AT 100X, THE TOTAL NUMBER OF CELLS PER FIELD,
WITH AND WITHOUT NEURITES, WAS COUNTED. THE NEURITE OUTGROWTH
sCORE (NO) wAS DEFINED AS THE TOTAL NUMBER OF CELLS WHICH DEVELOPED
NEURITES OF A LENGTH GREATER THAN TWICE THE SMALLEST DIAMETER OF
THE CELL. DATA WAS EXPRESSED AS A PROPORTION (NO/TOTAL NUMBER) AND
WAS SUBJECTED TO A VARIANCE STABILIZING TRANSFORMATION (ARC SINE
TRANSFORM) FOR STATISTICAL ANALYSIS.

SERIES II: METHODS AND CONDITIONS WERE AS ABOVE EXCEPT FOR
THE ADDITION OF ONE ADDITIONAL CENTER FIELD TO THE DATA COLLECTION
PROCEDURE AND A SERIES OF SHAM CONTROLS CONSISTING OF THE DC DISH
TOP WITH NO APPLIED CURRENT WERE RUN CONCURRENTLY WITH THE CONTROL
AND DC EXPERIMENTS, :
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Figure 19. Diagram of Dish used for constant current experiments

and location effects

60 mm.

1 22 mm
——————
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LocATION PARAMETERS:

IN: 2-3MM FROM CENTER (CATHODE) ELECTRODE
QUT: ©SwM FrRoOM ouUTSIDE (ANODE) ELECTRODE
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Figure 20. Phase microscopy of (N18) neuroblastoma cells after 3 days
in vitro grown in media containing 0.5 ug/ml cytosine arabinoside and
treated with 10 nA direct current. Undifferentiated cells are round and
phase bright; cells that have differentiated have peuropnal-like
processes that vary from 2-15X the smallest diameter. In A, three long
processes extend from one cell (arrow), X384; in B the arrow points to
a giant cell frequently found in all cultures that appears to result
from fusion of V8 cells. Processes of varying lengths are found in B

and C (X256).
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FIGURE 21
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FIGURE 22

Arc Sine TransrForM OF NO/TorvaL Cerr NumBer

ConTROL
19.90 + 2.17
16.66 + 1,23

3.24 + 1,59

13

P=NS

CoNTROL DirRecT CURRENT

Direct CURRENT

27.73 + 1,87

20,41 + 0.86

7,32 + 1,50
19

p=0,05

VDC DisH-No CURRENT

25.90 * 2.32 29.06 + 2.85

25.77 + 1.34 24,00 * 2.33

0.135 + 2,94 4,76 + 1.99
16 16

P=NS p=0.025
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SERIES I

XTOTALjsEM
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FIGURE 23

CELL SURVIVAL - TOTAL

ConTROL DirecT CURRENT
662 + 57,06 439.2 + 34,63
p=0,001
ConTROL DiRecT CURRENT DC DrsH-No CurRENT

285.31 + 17.81 225,07 + 8.74

P=NS p=0,001

CELL SURVIVAL - LOCATION

CONTROL DirecT CURRENT

250,93 + 14,11

P=NS

DC DisH-No CURRENT

137.06 + 23.46 93,38 + 8.78
148,25 *+ 12,16 131,69 + 8.70
-11.19 + 28,22 -38.31 + 12.05

P=NS p=0,001
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CONCLUSTIONS

CoNSTANT CURRENT (1ONA) APPLIED VIA
METAL  ELECTRODES  INCREASE  THE
PERCENT OF NEUROBLASTOMA CELLS THAT
CONTAIN NEURITES (IE DIFFERENTIATE).

THERE IS A SIGNIFICANTLY GREATER
PERCENTAGE oF CELLS THAT
DIFFERENTIATE NEAR THE CATHODE THAN
NEAR THE ANODE.

CONSTANT CURRENT (10nA)

SIGNIFICANTLY DECREASES THE TOTAL
CELL NUMBER, THIS DECREASE IS

ASSOCIATED WITH CELLS LOCATED NEAR
THE CATHODE, WHETHER CURRENT IS
APPLIED OR NOT,.

INcReEASE IN NO AND DECREASE IN CELL
SURVIVAL ARE CORRELATED WITH CURRENT
DENSITY AND CATHODAL ORIENTATION,
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/\< DIRECT CURRENT EFFECTS ON NEURCBLASTOMA CELLS TREATED WITH ARA C
Betty F. Sisken and R. Scott Estes

Wenner Gren Research Laboratory and Dept. of Anatomy, University of
Kentucky, Lexington, KY 40506, U.S.A

ABSTRACT

Synergism between ara C and direct current was tested on
neuroblastoma cells jp vitro. Using this electrical system, we have
been able to quantitatively differentiate the effects of various
current densities on total cell number and percent process~bearing
cells, Direct current stimulation increased the percentage of cells
containing processes and decreased the cell number relative to
controls; a significant effect was correlated with location and
current density. ‘ ,

INTRCDUCTION

Neurcblastoma cell lines have been developed to serve as models
for nerve cell investigations, The murine neuroblastoma (N18) line
that we are using in our laboratory was obtained from Dr. Janet
Morgan, School of Biological Sciences, Lexington, KY. It is
unresponsive to nerve growth factor, but is induced to form neuritic
processes in low serum medium, or by adding such agents as dibutyrl
cyclic AMP, or mitotic inhibitors as BUDR (6). We have employed
cytosine arabinoside (ara C) as a mitotic inhibitor in studies on
primary cultures of dorsal root ganglia to reduce the overgrowth of
non-neuronal cells (9,10,11). Concentrations of ara C at a much-
reduced level are effective in reducing cell division and promoting
neurite process formation in neuroblastoma cultures (8.

The aim of this study was to determine whether synergistic
effects could be obtained in neuroblastoma cells with the application
of low levels of direct current (OC) to ara C-treated cultures.

MATERTALS AND METHODS

N18 cells were grown in flasks in Dulbecco's Modified Eagle's
Medium with 10% dialyzed fetal bovine serum, 600 mg% dextrose, 2 mM
glutamine, and penicillin-streptomycin. Cultures were changed to fresh
media every 3-4 days; for expegimenta‘. studies, each flask was split
1:4 and approximately 2 x 10° cells were plated into 60 mm Falcon
dishes. After 24 hours incubation at 37°C in 95%air, 5%COQ, ara C
(Cytarabine, Cytosar-U, Upjohn Co.) was added to a final concentration
of 0.5 ug/ml.

Supported by the Office of Naval Research N00014~82-K-0105

In: Proceedings, 4th Annual Bioelectrical Repair and Growth 'Society Meeting
S. Inoue and H. Takahashi, Eds. Nishimura Co., Nigata, Japan
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Direct current was administered to the cultures by replacing the
dish top with a top containing tantalum or platinum electrodes. The
electrodes were attached to a 1.4 V battery and 10 nA current was
delivered for 3 days. The electrode configuration and current/time
relationships of this system has been described (7,10). Each
experiment contained 4-8 dishes per group and was repeated 3
different days.

After 3 days, the medium from control and experimental dishes
was removed and 3.5% glutzraldehyde in 0.1M cacodylate buffer was
added to fix the cells to the dish. In two experiments, cell viability
was assessed before fixation; in each of two dishes from control and
experimental groups, propidium iodide/fluorescein diacetate mix (5)
was added to the medium. The number of cells not excluding propidium
iodide and fluorescing red (nonviable) comprised less than 1% of the
total cell population in either group.

Data on cell counts in fixed preparations were made at 100X
magnification under a Wild inverted phase microscope with x-y
coordinate settings. Settings for five fields were determined and
used for cell counts/field in each dish. One field was located within
2 mm of the center cathode at a current density of 31 nA/cm“ termed
"center field". Each of the four fields was lfcated 14 mm from the
center cathode (current density of 4.4nA/cm4) and 6 mm from the
peripheral anode in each quarter sector of the dish; an average of the
four fields represented the "distal" field. The total cell number and
the total numbers of cells containing processes (neurites) 2X the
diameter of the cell were determined in each field. The data for the
proportion of cells containing neurite processes were passed through
a variance-stabilizing transformation for statistical analysis. These
data are presented as an average per dish, or the average of each as a
function of location within the dish, that is "center” or "distal".
The Student's t test was used for the statistical analyses on total
cell number and $cells with processes. A paired t test was used for
statistically analyzing within—- dish location effects.

RESULTS

Addition of 0.5 ug/ml ara C to control cultures of neurcblastoma
cells inhibited cell survival and induced neurite process formation in
16.82% of the cells, Table 1. When direct current was applied to
sister cultures containing ara C, the neurite processes were notably
longer (up to 1.5 mm) and significantly more numerous (21.1%%, p= .0l
Table 1). The total number of cells per dish after treatment with DC,
however, was significantly lower (p =.02.

To determine if there was a difference between cells growing
close to the cathode in comparison to those closer to the anode,
within dish analyses were performed on the data (see Table 2).
Significantly greater number of cells with processes were found in
both locations in the DC group relative to the same locations in
control dishes. 1In addition, there was a significant increase in
these types of cells in the vicinity of the cathode relative to those
near the anode (paired t test, p =.05) and appear to ¢correlate with
the higher current density. In contrast to neurite production, the
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TABLE 1

Mean += S.E.M of total cell number and %cells with
processes in control and direct current-treated dishes

Number of Total Cell % Cells with
Group Dishes Number Processes (Np)
Control 12 365.67 16.82
+30.2 +1.0
IC 19 268.05™" 2.19*
+23.7 0.9
Student's t test
(two tailed)
*p =,01
**p =.02

TABLE 2

Mean 4+ S.E.M of total cell number and %cells with processes (Np) as a
funcu.on of location (center = 2 mm from cathode; distal = 6 mm from
anode) .

Number of Center Distal
Group Dishes Total cell # $Np Total cell % tNp
Control 12 197.66 19.9 168 16.6
$19.52 2.1 15.3 1.2
DC 19 158.21 27 Tx** 109.84* ' 20.4%*
18.77 1l.8 48.67 0.8

Student's t test
(two tailed)
*p =,01
**p =,02
***p =,05

60



total cell number in the dish center was not different from controls,
but was significantly reduced (p=.01) in the distal area.

It is apparent that using this electrical system allows us to
quantitatively differentiate between the effects of various current
densities on two biological parameters within the same dish.

DISCUSSION

At a concentration of 0.5 ug/ml (1076 M), ara C reduces cell
survival by approximately 33% (8) but, like other antineoplastic
agents, also promotes cytoplasmic extensions that are similar to nerve
axons/processes. Qur intent was to ascertain if applied direct current
would act synergistically with this agent to promote an increase in
the numbers of process-containing cells, similar to what we have
observed in primary sensory neuron cultures (10). The data presented
in Tables 1 and 2 provide evidence that these fields do interact with
the antineoplastic agent, yielding differential stimulation near the
cathode. Cathodal stimulation has been previously reported by a
number of investigators in hard (1,2) and soft (nerve) tissue studies
(4,12,3).

The significant decrease in total cell number in DC-treated
dishes has not been observed in primary cultures treated for the same
time period and with similar current dosage. Morevover, the decrease
in cell number (distal, p=.01) is correlated with the lower current
density - anodal electrode. It may be that the neurcblastoma cells are
relatively more sensitive to the minute current levels applied. It is
important to note that in a tumor cell line, inhibition in total cell
population with concomitant increased cellular differentiation as we
found after DC application, has clinical relevance. Further studies
are needed to determine the mechanism of action of these fields on
this neuroblastoma cell line.
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obi . .
To determine whether levels of direct (constant) current or PEMF

found to stimulate peripheral sensory neuron regeneration are effective

in inducing regeneration of neurites from spinal cord explants
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IN VITRO STIMULATION OF CENTRAL NERVQUS
SYSTEM RBEGENERATION BY DIRECT CURRENT AND PEMF

B. F. Sisken

Previous studies have demonstrated stimulatory effects of direct current (DC)
and pulsed electromagnetic fields (PEMF) on primary cultures of embryonic chick
sensory neurons in vitro. Regeneration of long axonal processes from such
peripheral ganglia occurs normally in vivQ, while those fraom the central nervous
system do not. Qur aim was to determine whether the same electric field parameters
were effective in enhancing neuronal regeneration (neurite production and neuronal
survival) in cultures obtained from the central nervous system.

The spinal cord model that we have developed contains sensory, motor and
interneuron populations of cells; each population can be identified using specific
histochemical or immunohistochemical markers. Slices (189-300u -thick) of spinal
cord fram 8 day chick embryos or 16 day rat fetuses were cultured in 66mm Falcon
culture dishes and fed with tissue culture media containing 18% fetal bovine serum
and varying concentrations of the mitotic inhibitor ara C (2, 5 or 8 ug/ml).
Control dishes or dishes exposed to 18 nA DC were placed in the top chamber of a
double chamber incubator; dishes exposed to PEMF were placed in the lower chamber
between Helmholtz coils (EBI, Inc.) oriented vertically. The signal measured
between the coils was a 15 mV single pulse, repeating at 72 Hz. CQultures were
exposed to DC for 72 hours continuously, or to PEMF for a total of 24 hours. The
total incubation time was 6 days. In some series, , 3H-proline was added to the
media twenty hours before the termination of the experiment to determine protein
synthetic capability of the spinal cord neurons. Neuritic outgrowth from the spinal
cord explants was quantified by measuring the total area of the neuritic outgrowth
and normalizing this area as a percentage of total cellular outgrowth for each
explant.

Outgrowth from rat spinal cord was consistently longer and more dense than that
obtained from chick spinal cord; both responded to the two different electrical
signals. Both DC and PEMF treatments produced a significantly larger increase in
the area of neuritic outgrowth relative to control explants (p= .82-.85); the
differences between experimental and control explants varied as a function of ara C
concentrations.

Since the stimulation obtained with DC (virtually no magnetic field component)
and PEMF (magnetic field component of 2-20 g) resulted from exposure of
approximately equal total coulambic charge, it appears that the primary stimulus is
the electric current. Although the current may affect the surface charge of the
dish, it does not have observable effects on the orientation of the matrix. We may
conclude, therefore, that the response obtained is correlated with either a direct
effect of electric current on the cells of the spinal cord or an interaction of
surface charge with the cellular camponents.

Supported by ONR N@@814-82-K~0105

Wenner Gren Research Laboratory
and Deptartment of Anatomy

University of Kentucky

Lexington, KY 408586, U.S.A.

Sth Annual BRAGS, Boston, Mass. USA Ocl. 13-17, 198§
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METHODS

Explants of spinal cord (7200 um) from 8 day chick embryos or
16 day rat fetuses were placed in plasma clots located 10-12

mm from dish center.

The culture medium contained Dulbecco's MEM, glucose, pen/

strep and cytosine arabinoside (ara C) at 5 or 8 ug/ml.

The cultures were treated with 18 nA constant current (DC)
for 72 hours, or PEMF-V for 24 hours (12/12). 3Hproline was

added to all cultures 20 hours before fixation at 6 days.

The following parameters were used to assess electric field
effects:

a. measurements of the area of neurite outgrowth (method of
Dribin and Barrett, 1982)

b. acetylcholinesterase localization
c. morphology on thick plastic sections

d. immunofluorescent localization of transferrin
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FIGURE 24

Figure 1. Culture Dish Top modified to deliver constant current -
(10-100 nA) to nerve tissue placed between the center
cathode and peripheral anode.
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Figure 26. Photographs of spinal cord explants obtained from 8 day chick
embryos or 16 day fetal rats after 6 days in vitro. Autoradiographs of
8 day chick spinal cord treated for 2 days with PEMF-V in the presence
of 2.5 ug/ml cytosine arabinoside. Note the blackened neurites (nts)
grown from the original explant (expl) in A, and B. In Al the method of
determining the area of the neurite outgrowth is illustrated; the area
of the total growth, and explant + néufites is digitized. The explant
area is subtracted from the explant + neurite area yielding neurite
area. In C, silver stained rat spinal cord treated with PEMF is

illustrated, A, C = X 55; B= X139,
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TABLE

(%) Total Explant Area +5.E.H4,
ARA C Control DC PEMP-V Diff
Chick
IA-5 17.67 34.99 17.23
5.55 5.9
IA-8 4.14 16.26 12,12
1.78 4,02
Rat
IA-5 23.25 57.64
9.4 7.89 34.39
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CONCLUSIONS

On radioautographs, protein synthetic activity was found in

neurites and cell bodies; neurite outgrowth was quantified.

Presence of viable neurons was confirmed by cholinesterase
activity, morphology and localization of transferrin in

neurons and neuritic processes.

Area of neurite outgrowth was significantly increased by both

DC and PEMF.

We propose that the growth stimulation is correlated with the
electric current applied or induced in the tissue, although

other mechanisms may be involved.
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PEMF EFFECTS ON NORMAL CHICK DEVELOPMENT (H-11)

Bioelectromagnetics Society Meeting

June 12-17, 1983
H-11 THE EFFECTS OF PULSED ELECTROMAGNETIC FIELDS (PEMF) ON CHICK EMBRYOS AFTER LDMB

AMPUTATION. Betty F. Sisken, Ira Fowler* and Richard Kryscio*, Wenner-Gren Research
Lab, Dept. of Anatomy, Depc. of Statistics, Umiv. of Kemtucky, Lexingronm, KY 40506

We have data on a large sample of chick embryos that have been treated with two diff-

erant PEMF signals demonstrating no significant effects on sormal development. We
have slso investigated the effacts of such signals on the induction of limb regener-
ation in amputated limbo of chick embryos. The right forelimb of 217 chick embryos
(4 days of age) vere ampurated. Seventy-eight of these embryos wers subsequently
incubsted in a conventional egg incubator and were designaced as ‘"controls". Four
different PEMF signals were used on the remaining 139 embryos. Im no group, comtrol
or treated, did ve observe sny induction of regeneration. However, using a chi
square staciscical test, ve did see a significant ( 0.05+.001) incresse in the iaci-
dance of body aboormalitiss, 6 days post-surgery, that was correlated directly with
the total number of hours of exposure to any of the signals. The one exception was
found in a group where the exposure to PEMF was delayed for the first 24 hours after
surgery. We couclude from these studies that PEMF does not induce limb regeneration
in our chick acdel, but thar it does intarfere with normal pr of develop

when combined with surgical procedures such ar limb amputatica, Supportad by the
Veteran's Administracion Research Prograam.

H-12 THE EFFECTS OF PULSED ELECTROMAGNETIC FIELDS(PEMF) ON NORMAL CHICK DEVELOPMENT
Betty F. Sisken, Ira Fowler*, Chris Mayaud* and Richard Kryscio*, Wenner Gren Re-
search Lab., Dept. of Anacomy & Dept. of Statistics, University of Kentucky, Lexing-~
ton, KY 40506, and Dept. Orthopaedic Surgery, Mt. Sinai Sch. Medicine, NY, NY 10028

A oumber of recent studies, ueing a comparatively small sample size, have reported on
the affects of clinical-type PEMF signals on normal chick development. Our scudies
avalusced 1008 embryos. Two different pulse signals from rtessarch units provided by
Electrobiology, Inc. were examined. Fertile eggs were axposed to these signals at
37°C aither continuously for 7 days or for the first 24 hours cnly. Control eggs
were placed ian a different incubator, at 37°C, far removed from the coils. All em-
bryos wers collected after 7 days of incubation, fixad in formalin, coded and acored
ac a later time. Scoring was done in a double-blind feshiou, and the data was anal-~
ysed using a chi square statistical test to determine the frequency of abnoraslities.
In 78 eggs treated with one #ignal in either a horizontal or vertical positics, no
significant differences vere noted relative to the 73 matched control eggs. In 1376
eggs treated with the second signal, no significant incidence of abnormality vas
found relative to 27) matched controls. A separace group of eggs vere treated or
uotreated at 39°C to test the effects of PEMF with incressed cemperature. A signif-
{cant increase in morphological abnmormalities occurred in 84 treated telative to the
106 controls. Supported in part by the Veteran's Adminiscration Rasearch Program.
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F DOSIMETRY IN STUDIES OF DEVELOPING CHICK EMBRYOS
gﬁggéNaﬁigNEEECTROMAGNETIC FIELD EXPOSURE.

pilla, A.A., *Sisken, B.F., *Fowler, I., Mayaud, C., Ryaby, J.P.
and Ryaby, J.

Weak pulsating electromagnetic fields have been demonstrated to
affect a variety of in vivo and_in vitro biological processes. Many
studies show that both eTécCtrical and bidlogical windows exist. For a
defined cell/tissue geometrX electrical dosage can be described b
quantitating the actual cell-waveform interaction using knowledge o
the passive electricl characteristics of the cell or fissue and the
wavetorm garamete;s of the electrical signal at the cel.ular level.
State ofthe art lmgedanqe measurements have provided data for some
cells relevant to _the

the dependence of bioeffect upon induced voltage waveform farameters

by defining a frequency spectrum of the power 1in electrically active
pathways at the‘cé%t—surfJ%ET . .
From_the above, it can be seen that a guantltatlve assessment of

electrical dosage actually applied to the developing chick embryo is
necessary to comparatively examine the several reported studies on the
effect of weak fields on chick embryo development. The impedance of a
fertilized egg containing a  chick _embryo in various stages of
development has not been experimentally gudntitated. It is esSential
to know_ the time variation of the magnetic field (dB/dt) generated b
the coil system employed. This can be easily obtained by Kknowledge o
the coil inductance "and resistance and the time variation of the
current in the coil. Equally valid is a direct measurement of the
shape of dB/dt by the use of "a secondarz grobe ¢coil. Either of the
above approaches will give the shape of the induced electric field
vector in both polaritiés. This, ed with the peak magnetic field
value 1s sufficient to define the voltage peftUrbatio _ e
cellular level. If <the <coil/egg ometry , amplitude
0 15 possible. . ) )

. . The parameters mentioned above have not been given in studies
which have claimed that developmental deformities are caused by weak
fields., In fact these studies €r0v1de only the coil driving voltage
and the average magnetic field (erroneously determined "using "a
Gaussmeter havihg a freguency response up .to kHz- too low for "the
freguency_ present). inally, and particularly in developmental
studies, it is important to "establish that there is not sufficient
current in the colls to cause heating in the spaces occupied by the
egg or target cells. Studies carried out by the present authofs on
developing chick embryos with fields in clinical use for bone healing
have produced no_ significant effect on embryogenesis. _ The embryos
were exgosed for 1 or 7 days and examined af 7 dags. Coil environment
temperature did not vary b%pmore than 0.1¥C. The two signals tested
were repetitive bursts of bipolar voltage pulses. _Signal A consisted
of rectangular pulses having 250 usec main polarity and 6 wusec
opposite olarltg durations respectively (this is_dB/dt). This pulse
was repeated at 3.8 kHz for a burst dufation_ of 50 msec. Each burst
was repeated at 2 Hz. The peak magnetic field is 2.5G_and the average
is _0.1G. Signal B consisted of a 200 usec main and 20 usec opposite

olarity rectangular pulse. This was repeated at 4.4 kHz for a burst
uration of 5 ‘msec. The burst was regeated at 15 Hz. The peak
magnetic field is 16G and the average 0.5G. o
In conclusion, therefore, it i$s important to note that it is well
established that fhe degree of bioeffect of electromagnetic fields
does indeed depend upon “the waveform of the induced electric field
vector actually "seen" by the target cells and tissues. It is equally
important to ‘establish ™ that any  bioeffects observed are actually
caused by the electromagnetic field. _For this a proper description
and measurement of the Voltage actually applied to the target 1is
essential. It is proposed that the parameters given in this study be
adopted as physical descriptors whén bioceffects of electromagnetic
fields are reported. Bioelectrochemistry Laboratory, Department of
Orthopaedic Surger

Mt. Sinai Schoo o¥ Medicine, New York, NY. 10029

*Wenner Gren Laboratory, Univ. of Kentucky, Lexington, KY 40506
Sth Annual BRAGS, Boston, Mass. USA Oct. 13-17, 1985

kinetics of the cell's response to electrical:
current. Remarkably quantitative correlations have been obtained for-
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PULSED ELECTROMAGNETIC FIELDS AND NORMAL CHICK DEVELOPMENT

Betty F. Sisken and Ira Fowler
Wenner-Gren Research Laboratory and Department of Anatomy
University of Kentucky
Lexington, KY 40506

Chris Mayaud, James Ryaby and Arthur A. Pilla
Bioelectrochemistry Laboratory
Department of Orthopedics
Mt., Sinai School of Medicine
New York, NY 10029

ABSTRACT

The effects of two clinical-type signals of pulsed electromagnetic fields
(PEMF) were tested on a large sample of developing chick embryos by two
independent laboratories. The embryos were examined after seven days of
incubation to avoid the early stages when most spontaneous abnormalities
occur. The data were pooled and analyzed statistically. Neither signal, when
administered continuously for the first seven days of development, or for the
first 24 hours, produced a significant increase 1in the 1incidence of
malformations. These results are discussed in relation to those of other
investigators claiming PEMF-related effects on normal development.

INTRODUCTION

The environment in which we live has a static geomagnetic fleld of about
0.5 gauss, and contains magunetic and electromagnetic pollution fram various
sources. Delgado et al (1) presented evidence that chick embryos exposed to
very weak, low-frequency electromagnetic fields for the first 48 hours of
development show significantly increased malformations in the nervous system,
somites and blood vessels. Maffeo et al (2) failed to confirm these results
and stated "In view of the obvious importance of the observations (of
Delgado), other independent investigators are strongly encouraged to try to

replicate the observations.” This report presents the results of our attempts
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to test for anomalies by exposure of chick embryos to pulsed electromagnetic
fields (PEMF) that are in human and equine use,

The exposures of chick embryos to PEMF were conducted independently in
laboratories at the University of Kentucky, Lexington, KY and Columbia
University in New York, NY. Since growth and differentiation rates of the
embryo are highly variable during early development of normal embryos, it is
impossible to determine whether slow development represents abnormal retarda-
tion. In 48-hour chick embryos, body form has not been established, making it
‘diff:lcult: and ambiguous to detect morphological deviations from the norm.

Therefore, we terminated our experiments at 7 days of incubation when severe

anomalies are easily detected by examination under low-power magnification.

MATERIALS AND METHODS

Fertile eggs from White Leghorn chickens were obtained from the poultry
farm at the University of Kentucky and from Shamrock Farms, North Brunswick,
N.J. The eggs were placed between two identical 10 cm x 10 em coils wound
with 50 turns of #14 B&S gauge copper magnet wire. The coils were placed in
the horizontal position, 7.5 cm apart and were maguetically~aided to provide
approximately Helmholtz conditions. The coils were powered by two different
signals as provided by Electrobiology, In;:., N.J+. The exposures were carried
out in a 37°C incubator continuously for either seven days or for only the
first 24 hours. Control eggs were incubated st the same temperature i{n a
separate standard egg incubator approximately 5 feet from the coils. After
seven days, the embryos were collected, fixed in formalin and assigned a

number. The eggs exposed in N.Y. were collected, assigned a coded mumber and
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FIELDS AND NORMAL CHICK DEVELOPMENT

sent to Kentucky for morphological assessment, All scoring for gross
abnormalities was done by two different investigators in a double-blind
fashion in Lexington; the code was not broken until all of the data were
collected,

The two signals tested were repetitive bursts of bipolar pulses., The
first signal (A) counsisted of pulses of 250 sec in the main polarity (i.e.
while power is applied to the colls) and 6 sec opposite polarity (i.e. during
magnetic field collapse). This pulse was repeated at 3.8 kHz for a burst
duration of approximately 50 sec. Each burst was repeated at 2 Hz. The
induced electric field amplitude in air of the main polarity pulse 1is
0.16 mV/em (peak) as determined with a calibration probe 1.5 cm from the
geometric center of the coils (3). The peak Gauss of this signal 1is 2.5 and
the average Gauss 1s 0.1, dB/dt = 0.01 G/ s main polarity, Q0.4 G/ s opposite
polarity. The second signal tested (B) 1s commonly employed clinically for
the repair of recalcitrant bone fractures (4,5). It consisted of a main
polarit} pulse of 200 s duration and a 20.As opposite polarity pertion. This
pulse was repeated at 4.4 kHz for a burst duration of approximately S msec.
The burst was repeated at 15 Hz. Amplitude of the main polarity pulse is
1.5 mV/cm (peak) induced electric field in air (same measurement conditions as
signal A). The peak magnetic field is 16 Gauss, average Gauss of 0.5; dB/dt =
0.08 G/ sec main polarity and 0.8 G/ sec opposite polarity.

The following criteria were used to denote abnormalities: gastroschisis
(abdomen open and viscera exposed), thoraco-gastroschisis (thorax aﬂd abdomen
open with heart and viscera exposed), spina bifida (open spinal canal with
unformed vertebrae), encephalocele (meninges filled with fluid, brain

exposed), wmicrocephaly (small brain), microphthaimia (small eye) and
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anophthalmia (eyes absent). Any one abnormal condition appearing in any egg
was scored as abnormal. No abnormality occurred in the PEMF-treated group

that was not also seen in the control group.

RESULTS

The data obtained from both Lexington and New York were pooled for each
experiment and summarized in Tables 1-4. Note that the percentage of
abnormalities in control embryos ranged from 8-22% across the three
experiments, and are comparable to those obtained by Delgado (1) and Maffeo
(2), Table 4. The percentage of abnormalities in PEMF-rreated embryos ranged
from 15-30Z. The proportions of abnormalities in the control and PEMF-treated
embryos were compared statistically by comstructing a 1 degree of freedom,
continuity corrected chi-square test for each table; none of these chi-square
tests were significant at the 0.05 level (or even the 0.1 1level) of
significance.

If exposure of the embryos to these electric flelds had any effects on
development, we should have been able to detect these effects with the sample
sizes in this study. In particular, with sample sizes of 73 embryos or more
in each group, we had a 992 chance of detecting an increase of at least 30% in
the percentage of abnormalities due to PEMF exposure, An iIncrease in the
percentage of abnormalities due to PEMF was observed in each experiment, but
this increase was only modest (about 7%Z) and was not stacistically
significant. This is in direct contrast to Delgado et al (1) who reported a
40% increase in the incidence of abnormalities using similar but not identical

fields.
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DISCUSSION

Our aim 1in this study was to determine if low levels of pulsed
electromagnecic fields induced an increased incidence of :Epormal development
in chick embryos. To eliminate experimental Vz;:;’ w; conducted the
experiments in two different laboratories, using a sufficieatly large sample
size so that the data could be subjected to statistical analyses.

The percentage of untreated (control) embryos that are abnormal depends
upon a number of factors such as the time of year and climate. In general,
eggs laid in cold or hot weather are more likely to develop into embryos with
obvious malformations than are eggs laid during mild weather of spring or fall
(personal observations)., Since these experiments were done mostly during the
winter, controls were incubated as a part of each experiment along with the
eggs exposed to PEMF signals. Rough handling of eggs during transportation
and extended egg storage can also increase the incidence of anomalies. To
eliminate these factors as a possible influence upon our results, tﬁe control
eggs and the eggs to be exposed to PEMF in each experiment were always
obtained from the same batch. Genetic variability within the chicken flocks,
over which we had no control, also added to the necessity for a large sample
size.

It has been well established that extrinsic or environmental factors that
have deleterious effects upon embryos usually affect development at critical
periods during the formation of specific struc{ures. For example, cortisone
injected into pregnant mice at 12 days of gestation will cause cleft palate in
the offspring (13). The same dose of cortisone injected earlier or later
during pregnancy usually fails to produce cleft palate. The palate closes at

15 days of gestation in the mouse embryo; thus cortisone acts as a teratogenic
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agent only during the critical phase of palatal development, 3 days prior to
its closure. Since many teratogenic agents produce severe defects when
applied'during early phases of development, we exposed some embryos to PEMF
only for the first 24 hours and allowed development to continue for an
additional six days. In a second series of experiments, the embryos were
exposed continuously for the entite. seven days. During this period,
development of all major systems is initiated and, in most systems, growth and
differentiation has proceeded past the stages of development at which organs
are most sensitive to environmental changes. Any deleterious effects of PEMF.
exposure during this period should have been expressed as visible morpho-
logical changes.

The question of dosimetry is obviously an important one in this as in any
study using inductively~coupled signals. When considering this problem, it
should be pointed out that a varlety of studies huve shown the existence of
electrical as well as biological windows (6-12). Thus, for a fixed
cell/tissue geometry system (which is not the case in this study, as will be
shown below), the electrical dosage can be described by quantitating the
cell-waveform interaction via a spectral (frequency) analysis of the power
delivered to the potential dependent (electrochemical) pathways at the cell's
surfaces (13,14). Such analyses show that knowledge of both dB/dt and pulse
width are generally sufficient for adequate correlation with the biceffect
given the relative independence (for inductively-coupled signals) of bioeffect
on both repetition rate, between 1-100 Hz, and burst width (11,12). The
biological windows appear related to cell cycle stage, degree of confluency,
extracellular composition, and the presence of non-resting situations, e.g.

development and trauma (11).
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An analysis of the spectrum of power affecting an electrochemical pathway
involving ion binding at the cell surface has been presented elsewhere (13,14)
for the two signals utilized in this study. This analysis appears to show
that the opposite polarity portions (6 s and 20 8 for signals A and B
respectively) of both signals provide power levels that can be correlated with
ion binding in the proposed cell surface pathway, In other words the
effective portions of both signals occurs during magnetic-field collapse.
Note that both signals have similar values for dB/dt in the opposite
polarity. Furthermore, a narrower pulse always requires lower induced voltage
amplitudes for similar bioeffects (11). The lower opposite polarity dB/dt for
signal A places it within the effective range of signal B.

To compare the electrical dosimetry of this study with those reported by
Delgado (1), it would be necessary to compare the rise times and shapes of the
induced electric field signals in both polarities. Unfortunately, these were
not given by Delgado explicitly, since graphic data on the induced electric
field were not provided. Only the coil driving voltage was shown. It is
impossible to predict what amplitude relationship existed for each polarity.
In addition, knowledge of the peak magnetic field during coil activation was
not given. The field intensity listed by Delgado is only the average field.
Furthermore, it must be pointed out that the gaussmeter used in the Delgado
study (RFL Industries model 750AR) has a frequency response only up to 1 KHz.
This 1is far too low to obtain an accurate value of the average magnetic field
when the coils are driven with signals having rise times { 2 sec. We
estimate that the 10~2 Gauss field (1 T) reported by Delgado is at least
one order of magnitude too low for his signals B and D. This would make his
average field approximately 0.1 G, i.e. similar to that used in this study
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(see Materials and Methods). Furthermore, the Delgado study described two
widely different coil systems which, when powered with the pulses described,
would ﬁave resulted in dramatically different values for dB/dt, particularly
in the opposite polarity. It is not clear from his study whether results from
both coils were pooled for a given coil. The use of Delgado driving signals
A-D with identical amplitudes will generate different initial values of
dB/dt. The fact that signal D was reported to give a much stronger effect
than signal A may be simply related to the initial dB/dt differences caused by
the large variation in driving pulse rise times (A 100 sec v8 B 2 sec).
The fact that Delgado pulse C was reported to give little effect when driven
at the same voltage as pulses B or D may simply reflect once again the initial
dB/dt differences. For signal C the driving pulse risetime was 7 sec which
would result in an initial 1induced voltage more than 3X less than that for
signals B or D. Note, however, that without knowledge of the manner in which
the magnetic fleld collapsed (i.e. dB/dt for the opposite polarity), it is
impossible to assess this dosage difference 1in a rigorous quantitative
fashion.

It has been shown elsewhere (3) that the presence of a non—-homogeneous
target, e.g. cells in an ionically conducting medium, creates large changes in
electrical dosimetry. The passive electrical characteristics of the
developing chick embryo have not been reported. Nevertheless it is clear that
as the number of cells and their orientation change with development, the
actual power applied to the blological target varies, Thus, as th; impedance
increases in any given induced current pathway due to increased cell number
(density), the current density within the cell layer decreases. It is there-
fore difficult to quantify the actual electrical perturbation at the cellular
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level, It is essential, however, that the actual shape of the induced
electric field, rather than the coil driving voltage, be measured for all
experiments designed to test the bioeffects of PEMF's. In this manner, for
any given geometric complexity, at least the driving voltage at the cell level

can be evaluated.
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TABLE 1

Exposuré to PEMF Signal A for First 24 Hours Followed by Incubation Without
Exposure

ABNORMAL PERCENT
GROU?P NORMAL Dead Live TOTAL ABNORMAL
Control 42 5 7 54 22,22
PEMF 97 16 25 138 29.71

Chi-square = 0.75 (ns)
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TABLE 2

Continuous Treatment for 7 Days using Signal A,

ABNORMAL PERCENT
GROUP NORMAL Dead Live TOTAL ABNORMAL
Control 187 5 25 217 13.8
PEMF 192 3 43 238 19.33
) 4
Chi-square = 2,09 (ns)
A
4
.
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TABLE 3

Continuous Treatment for 7 Days using Signal

B.
ABNORMAT, PERCENT
GROUP NORMAL Dead Live TOTAL ABNORMAL
Control 67 15 5 73 8.22
PEMF 66 2 10 78 15.38

Chi-square = 1,23 (ns)
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Incidence of Abnormalities in Control Embryos

TABLE 4

STAGE OF
REPORT DEVELOPMENT
Delgado (1) 2 days
Maffeo (2) 2 days
Sisken (combined) 7 days

90

SISKEN ET AL,

TOTAL NUMBER FREQUENCY OF
OF EGGS ABNORMALS
26 182
72 182
344 14.72
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THE EFFECTS OF PULSED ELECTROMAGNETIC FIELDS (PEMF) ON RAT SCIATIC NERVE
REGENERATION

2,3 2

B. Parkerl, cC. Bryantl, J. Apesosl, B. F. Sisken , and T. Nickell

The influence of pulsed electromagnetic fields (PEMF) on peripheral nerve
regeneration was studied in a group of nine Sprague Dawley rats (400-500 gms.).
In each rat the right sciatic nerve was surgically divided and the fascicles
individually repaired; the left sciatic nerve remained intact and served as a
within-animal unoperated control. After surgery, each rat was put into a
non-metallic restrainer. The restrained rat was placed between two Helmholtz
coils (EBI, Inc., NJ) so that the horizontal axis of the rat was perpendicular
to the vertical direction of the magnetic field. Five rats were exposed to a
clinical-type pulse burst PEMF for two hours a day for five days. Three control
rats were restrained for the same time periods but were not subjected to PEMF.
Twenty-eight days after surgery both the left, unoperated, and right, operated,
sciatic nerves were removed. Two centimeter nerve segments were placed in a
moist chamber containing platinum electrodes at either end. The proximal seg-
ment was crushed and the compound action potential (CAP) was recorded on each
nerve by stimulating proximally and recording distally. All CAP's were re-
corded on an oscilloscope and photographed. The area under the curve was de-
termined from the photographs with a MOP III Digitizer (Zeiss). After each
recording, the nerves were fixed in 3.5% glutaraldehyde overnight for future
histological studies. The area under the curve of the CAP is proportional
to the total number of axons that have crossed the repair site and was used as
the parameter to assess regeneration.

A Split Plot Analysis of Variance of the CAP area (mm ) revealed that there
was a significant difference (a = .05) between the control left side (see Table 1)
and the control right side. There was no significant difference between the
left PEMF side and the right PEMF side, indicating that the total exposure of 10
hours of PEMF improved the rate of regeneration of the operated nerves. In
addition, PEMF significantly increased the rate of regeneration of the right
operated nerves in comparison to control right operated nerves. However, there
was also a significant difference between the left unoperated control nerves
and the left unoperated PEMF nerves suggesting that the PEMF may also alter
normal neuronal function.

TABLE I. Area (mmz) *+ S.E.M. of CAP in Control and PEMF Rats
Control (3) PEMF (5)

Left, unoperated 36,980 + 4730 25,409 + 5972
Right, operated 6,960 + 1467 19,034 + 5730

Supported by BRSG (Biomed. Res. Supp:.
Div. NIH) and ONR NOOO14-82-K-0105

1 Div Plastic Surgery, UK Med Center
2 Wenner-Gren Laboratory, UK
3 Dept. Anatomy, UK Med Center

3rd Annual BRAGS, San Francisco, California, October 2-5, 1983
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FIGURE 30

PEMF Effects on Sciatic Nerve Regeneration in the Rat

Parker, B., Bryant, C., Apesos, J., Sisken, B.F. and Nickell, T.
3rd Annual BRAGS San Francisco, CA October 2-5, 1983
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FIGURE 31

PEMF Eifects on Sciatic Nerve Regeneration
in the Rat

Parker et al, 1983
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FIGURE 32

PEMF Effects on Sciatic Nerve Regeneration in the Rat

Parker et al, 1983
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THE EFFECTS OF EMBRYONIC NERVE TISSUE AND DIRECT CURRENT ON AMPUTATED RAT
LIMBS

B.F. Sisken & I. Fowler

Partial limb regeneration can be induced in embryonic, young, and adult stages of
non-regenerating species of vertebrates (chick, opossum, rat and frog). To date, the
most effective method appears to be augmentation of nerve supply to the amputated
stump. In the rat, application of direct current or direct current with injections
of nerve growth factor (NGF) also evokes regenerative responses. Recently, we re-
ported the production of accessory "long" bones after mid-humeral amputation and im-
plantation of embryonic spinal cord in young rats (3 weeks old). In some cases these
bones lay adjacent to the humerus and achieved lengths approximating 1/3 that of the
original humerus. The following experiments were designed to maximize this regenera-
tive potential by implanting bimetallic electrodes with the embryonic nervous tis-
sue. Male rats (inbred Harlam Fisher F344,21-28 days old) were anesthetized with
ether and the right fore-limbs were amputated at the mid-humeral level. Experimental
animals received implants of fetal (14 day) brain or spinal cord obtained from preg-
nant Harlan Fisher F344 mothers. Twenty six animals received nervous tissue implants
alone; 10 animals received implants strung on tantalum wire, and 1l animals received
implants strung on platinum/silver bimetallic electrodes that generated direct cur-
rent. Control animals received no implant or implants of heart tissues obtained from
the same rat fetuses. After implantation, the animals were housed separately. At in-
tervals 1,2 and 3 months, animals from each group were sacrificed and the limbs
fixed in either 10% formalin or Carnoy fixative. All limbs were x-rayed to determine
the presence of new bone structures and prepared for histological examination by
sectioning serially at 7u and staining with hematoxylin and eosin. In the ex-
perimental groups, 13 of 26 rats which received the neural tissue alone demonstrated
a positive response (presence of accessory bones with epiphyseal plates, Fig. 2). Of
the 10 rats that received the implant with tantalum wire alone, only 3 contained new
bones adjacent to the original humerus. Of the 1l rats with bimetallic electrode
plus neural tissue implant, none contained new bones, but 7 exhibited excessive"
growth of the humerus consisting of bone and cartilage. (Fig. 1) In all cases,
increased amount of host nervous tissue was observed. In the control animals without
neural tissue or electrodes, neither excessive growth of the host humerus or peri-
pheral nerves, nor accessory bones were observed. Qur preliminary results indi-
cate that the addition of bimetallic electrodes with neural tissue implants appears
to stimulate excessive bone formation of the amputated humerus. Supported in part by
BRSG #507~RR-05374, Biomed. Res. Supp. Div. NIH, Wenner Gren Research Laboratory &
Department of Anatomy, University of Kentucky, Lexington, KY.

erve Implant

pHost Nerve Nerve Implan

2nd Annusl BRAGS, Oxford, U.K., September 20-22, 1982
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Response of Amputated Rat Limbs to Fetal Nerve Tissue
Implants and Direct Current

*+Betty F. Sisken, tIra Fowler, and £Sharon Romm

*Wenner Gren Research Laboratory. *Department of Anatomy, and iDivision of Plastic Surgerv, University of
Kentucky. Lexington, Kentucky

Summary: We have previously shown that impianted fetal nerve tissue stim-

ulates the regeneration of amputated chick limbs. The purpose of this study
1 was to determine whether a similar phenomenon would occur in amputated
rat limbs and if addition of applied direct current (DC) would affect this pro-
cess. Thus, fetal nerve tissue was implanted into amputated stumps of 3-week-
old rats; variable tissue regeneration was induced that was dependent on the
age of the donor implant and the presence of applied DC. Twelve or 14 day
fetal neural implants induced new accessory bones containing epiphyseal
plates and marrow cavities and occasionally formed joint-like structures with
the host humerus. Addition of DC to 12 day neural implants increased the
number of new bones formed. Eighteen day neural tissue with applied DC did
not induce new bone formation but stimulated the maximal elongation of the
host humerus and outgrowth of nerve fibers to the cut surface. Implantation
of fetal heart tissue or implantation of fetal neural tissue into unamputated
limbs failed to induce new bone formation. Although true limb regeneration
was not achieved, formation of new skeletal elements did occur and this effect
was enhanced by applied DC. Key Words: Regeneration—Fetal implants—
Rat limbs— Direct current.

Many attempts have been made to induce limb
regeneration in higher vertebrates (adult frogs,
chick embryos, newborn opossums, young rats),
Experimental procedures that have been used in
this pursuit include diversion of nerve fibers to the
amputated limb (1,17), transplantation of adrenals
(16), skin removal with application of salt solution
(14), electrical stimulation (2,4,11,19,20), electrical
stimulation with nerve growth factor injection (19),
and implantation of fetal nervous tissue into the am-
putated stump (8,12). The only studies that dem-
onstrated significant numbers of successful limb re-
generates (including digits) were those of Mizell
(12), who implanted fetal brain tissue prior to am-

Address correspondence and reprint requests to Dr. Sisken at
Department of Anatomy, University of Kentucky, Lexington,
Kentucky 40536.
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putating the hindlimbs of newborn opossums, and
our own studies of implantation of embryonic
neural tube into amputated stumps of chick em-
bryos (8). Additionally, reports of regrown finger-
tips of young children after amputation of digits
distal to the last joint when the cut end was not
sutured are significant (10). All of these studies in-
dicate that higher vertebrates, inciuding man, can
exhibit varying degrees of regenerative ability
under the appropriate stimulus (9).

Previous studies in rats by Becker (2), Sisken et
al. (19), and Libbin et al. (11) demonstrated the ex-
traordinary growth of the amputated humerus and
tissue regeneration with formation of new skeletal
elements after treatment with applied direct current
(DC). The appearance of such new skeletal ele-
ments was also noted after the addition of embry-
onic nerve tissue in our chick embryo studies in




178 B. F. SISKEN ET AL,

Level of

BIMETALLIC ELECTRODE

i aY I —_—

L v 7 —r
|<—o. Scm—-{ |<——1.0cm——-1
umm'! 4I,|mm
Platinum Silver
(0.00Sin) (0. 010in)

b

those animals demonstrating partial, as well as com-
plete, regeneration.

The aim of the present study was to use the same
technique developed in the chick model (the inser-
tion of fetal nervous tissue into the amputated
stump) on the amputated rat limb. Not only did we
test the inductive properties of implanted fetal ner-
vous.tissue alone but we also combined the implan-
tation technique with the application of DC-yielding
devices. We conclude from these studies that im-
planted neural tissue either alone or in combination
with applied DC produces varying degees of tissue
regeneration that appears to be correlated with the
age of the fetal implant as well as the treatment
imposed.

MATERIALS AND METHODS

To minimize rejection of implanted tissue, a
highly inbred strain of rats (Harlan Fisher Fj;
Harlan Sprague Dawley, Inc., Indianapolis, IN) was
used. Limb amputations were performed on 3-
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Musculocutaneous

Coracobrachialis

Biceps Brachii
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Teres Major
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FIG. 1. Diagrams. a: Midhumeral amputation of a 3-week-old rat
limb and implantation of fetal tissue next to the proximal portion
of the humerus. b: Specifications of the bimetallic electrode
(BME) insulated up to the finai 1 mm on each end. {n some cases
both wires were 2x the lengths shown here. ¢: Reiationships
of implanted fetal tissue and BME to the anatomical structures
of the limb.

week-old male rats, weighing approximately 50 g
each. Donor tissue was obtained from fetuses of the
same inbred strain.

The animals were anesthetized with 0.05 ml so-

. dium pentobarbital (65 mg/ml, Butler Co., Co-
lumbus, OH) -and the right forelimb ‘shaved. The
skin was incised circumferentially, then retracted
proximally. After ligation of the brachial artery, the
forelimb was amputated at the midhumeral level by
means of bluat scissors (Fig. 1a). To facilitate future
identification of the level of amputation, the distal
segments were numbered and placed in neutral for-
malin.

Pregnant females of the same inbred strain con-
taining fetuses of 12-18 days gestation were anes-
thetized and their abdomens swabbed with 70% al-
cohol. Thrcugh a vertical incision, the two uteri
containing the embryos were removed and placed
in sterile buffered saline solution. Each embryo was
freed from its extraembryonic membranes and
placed in sterile Minimum Essential Medium buff-
ered with 25 mM HEPES (Gibco, Grand Island,
NY).
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The heart or central nervous system (CNS) was dis-
sected from these embryos and placed in separate
sterile dishes containing tissue culture Minimum
Essential Medium. The neural tissue implant in-
cluded the brain. spinal cord with primordia of the
peripheral nervous system. or the neural crest,
which differentiated into unipolar sensory ganglion
cells. The somatic efferent neurons of the ventral
gray of implanted spinal cord sent axons into the
tissues of the host limb.

Bimetallic electrodes (BME) were used to deliver
DC (20). These consisted of platinum wire (0.005
inch) fused end-to-end with silver wire (0.010 inch.
Medwire Corp., Mt. Vernon, NY) and insulated
with plastic that was removed from the ends of the
electrodes before use (Fig. 1b). The BME were im-
planted into the stump by inserting the platinum end
next to the cut humerus; the silver wire was fixed
in the triceps muscle (Fig. lc). In vitro measure-
ments of the current/voltage characteristics of these
BME were made with a Keithley Electrometer
(Model 602) in the following manner: 2 cm lengths
of platinum wire and silver wire insulated except at
the tips were separated by a distance of 0.5 or 1 cm
and suspended from the top of a 50 mm Petri dish
into 3 ml sterile Minimum Essential Medium. The
dish was placed in a 37°C incubator, and readings
of the current generated by the two dissimilar
metals were taken at 1-5 min intervals for the first
60 min, and hourly thereafter for the next 4 h. Con-
stant current levels of 28-30 nA were obtained.
Since the two electrodes were placed in the stump
approximately 0.5 cm apart, the current density de-
livered by the BME was approximately 6 nA/mm?®.

Sixteen control animals were divided into three
groups: six animals of Group I underwent limb am-
putation alone; five animals of Group II underwent
limb amputation with fetal heart tissue implanted
into residual stumps; five animals of Group III re-
ceived fetal neural tissue implants but had no am-
putation.

Fifty-three experimental animals underwent am-
putation and were divided into four groups. Two
(Group IV) were implanted with BME alone.
Neural tissue from 12, 14, and I8 day fetuses was
implanted into the limbs of 26 animals (Group V).
This tissue consisted of cerebrum, brainstem, or
spinal cord. Fifteen animals of Group VI received
fetal neural tissue with BME (Fig. Ic). Ten animals
(Group VII) had fetal nervous tissue and plain silver
wire as a control for the BME. In both experimental
and control animals, with the exception of Groups

Il and 1V, the fetal implant was placed next to the
ligated brachial artery and median nerve beneath
the remnants of the biceps muscle (Fig. la). In
Group III animals the implant was placed between
the intact biceps and the subjacent artery and
nerve. After amputation and implantation. redun-
dant skin was sutured over the stump. The animals
were individually housed in wire-bottom cages for
periods of L. 2, and 3 months. At the end of each
time period. animals from each group were anes-
thetized, and the right limbs removed and fixed in
10% neutral formalin. Each limb was X-rayed fol-
lowing fixation. The limbs were then decaicified.
dehydrated, and embedded in paraffin. Eight mi-
cron serial sections of each limb were cut. mounted
on slides, and stained in hematoxylin and eosin. All
sections were evaluated with respect to the extent
of growth of the humerus beyond the original am-
putation site, the number of new bones appearing
in the limb stump, the presence of histologically
normal implant tissue, and the growth of peripheral
nerve beyond the level of amputation. The total hu-
meral length and the length of growth of the hu-
merus beyond the amputation line were measured
(in millimeters) on histological sections under a dis-
secting microscope. A Student’s ¢ test was used to
determine significance of effect.

RESULTS
Control Animals

The controls consisted in part of animals in which
amputated limbs received no treatment (Group I)
and those that received an implant of 14 day fetal
heart tisswe (Group II). In addition, the inductive
capacities of implanted fetal neural tissue were
tested by implanting 14 and 18 day fetal neural
tissue into intact limbs (Group III). In Group III
fetal implants were found in eight of 10 specimens.
In no case did new bones develop, although a small
mass of cartilage, oval in shape, was found in one
of the specimens. X-ray films of control animals
without implants (Group I) or with implants of heart
tissue (Group II) showed no new bones formed and
limited growth of the severed end of the humerus
(Fig. 2a~c). Histological examination of a typical
control animal that received an implaat of fetal
heart tissue revealed healthy cardiac muscle located
near and growing into the triceps brachii muscle of
the amputated limb (Fig. 2d). The distal end of the
humerus of this specimen demonstrated wound re-
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F1G. 2. Control rat, Group Il, 2 months postamputation and implantation of 12 day fetal heart tissue. a: Diagram of the rat limb
illustrates the line of amputation, location of the impianted heart tissue, and the healing of the cut surface ot the amputated
humerus. b: Photograph of X-ray film taken after fixation of the limb. c: Low-power photomicrograph of the histological section
of this limb illustrates connective tissue growth over the cut surface of the humerus and the heart tissue (ht) growing betwesn
the humerus and the large skaietal muscle mass of the triceps brachii. x 14. d: Photomicrograph of the heart tissue (ht) growing
next to and within the triceps skeietal muscie (sm). x 425.
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TABLE 1. Comparison of control and experimental animals

[mplant With Average No.
Group Implant No. found new bones bones
Controi
1 None 6 0 0 0
i Heart s § 0 0
1N CNS without
amputation s 3 1 0
Subtotal 16 8 1 0
Experimental
v BME 2 0 0 0
v CNS 26 2 18 3
Vi CNS - BME IS 10 3 7
Vil CNS + WIRE 10 7 4 2
Subtotal 53 39 26 0
Total 69 47 26 0

BME, PUAg insulated bimetallic electrodes: CNS. fetal neural implant: WIRE.
0.00$ inch insulated Pt or 0.01 inch Ag wire.

4 Small amount of cartilage.

pair with dense irregular connective tissue adherant
to surrounding large muscle masses (Fig. 2¢).
Figure 2a is a diagram that shows the position of
the heart implant relative to host limb structures,
the level of amputation, and the extent of humeral
growth.

Experimental Animals

The experimental groups consisted of animals in
which amputated limb stumps were treated to test
the potential for elongation of the cut humerus and
the induction of new bones (see Table 1 and Fig. 3).
Two animals received a BME alone (Group IV).
This group was made small since ample evidence
from our previous work (19) had demonstrated that
BME exposure did not stimulate new extra bones.
The two animais used in this study conformed to
the previous results. Twenty-six animals (Group V)
had fetal neural tissue alone implanted in the
stumps of the amputated limbs. This implant sur-
vived in 22 animals; the formation of new bones was
noted in 18 of these (81.8%) with an average of three
new bones in each limb. X-ray films of these ani-
mals showed the new bones near the distal end of
the stump (Figs. 4a and b). On histological exami-
nation the bones were found on the anterior and
posterior aspects of the humerus. In each case the
new bones were juxtaposed to the fetal neural im-
plant. The size and shape of the bones varied; all
contained bone marrow and most had epiphyseal
plates (Figs. 4c and d). Bones located near the distal
end of the humerus frequently formed a joint like

relationship between the new bone and the humerus
(Figs. 4c and d and diagrammed in 4a). In speci-
mens sacrificed 6 months after amputation, host
skeletal muscle was attached to some of the ectopic
bones so that movement of the new bones was pos-
sible.

Group VI consisted of 15 animals that received a
fetal neural tissue implant together with a BME de-
signed to deliver DC to the limb (Fig. 1c). The
neural tissue implant and the electrode were found
in 10 animals and new bones developed in three
(30%) with an average of seven new bones in each
specimen. The three animals in which new bones
formed received an implant of 12 day fetal neural
tissue whereas the seven animals in which new -
bones failed to develop each received an implant of
18 day fetal neural tissue. The combination of 12
day neural tissue and BME thus appears to produce
the greatest response (Figs. 5a—-d). The average
number of new bones in these animals was larger
than in those that received the CNS implant alone
(Table 2). The fetal neural tissue appeared healthy
when examined and was surrounded by the indi-
vidual new bones many of which contained epi-
physeal plates (Fig. Sd). The implant contained
many large neurons and glial elements (Fig. 5e).

Although 18 day fetal neural implants in combi-
nation with BME failed to induce new bones (Figs.
6a and c), additional bone formed on the distal end
of the humerus in such animals significantly ex-
ceeded that se=n in control animals (Figs. 6b and d
and Fig. 3). The absolute (length of growth in mil-
limeters) and relative changes (percent of new
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FIG. 3. Growth of the humerus beyond the leve! of amputation in all groups. a: New growth in millimeters. Rats implanted with
18 day fetal neural tissue with bimetallic electrode (BME) show a significant increase (p = 0.05) in tength reiative to the control
(no implant) group. b: Percent new growth in millimeters (new growth/total humeral length). Rats implanted with 18 day fetal
neural tissue with BME show a significant increase (p = 0.025) in growth relative to control animals (no implant).
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Neursi Tissus

FIG. 4. Experimental rat, Group V, 2 months postamputation and implantation of 14 day fetal spinal cord. a: Diagram of rat
limb illustrates the position of the new accessory bones relative to the implanted neural tissue and the distdl part of the
amputated humerus. b: Photograph of X-ray film of this specimen. Note the X-ray positive bones located on the anterior and
posterior borders of the humerus. c: Low-power photomicrograph of a histological section of this itmb. The new bones located
near the anterior surface of the humerus contain epiphyseal plates (ep) and bone marrow; one new bone has formed a
pseudojoint with the humerus. x 15. d: Enlargement of a portion of (c). Two bones contain cartilage (¢), bone marrow (bm),
and epiphyseal plates (ep). The joint-like relationship of one bone next o the humerus (h) is illustrated. x 30.
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FIG. 5. Experimental rat, Group VI, 2 months postamputation and '
impiantation of 12 day fetal brain with bimetallic electrode (BME).
a: Diagram of rat limb illustrates the position of the new bones, X:
neural implant, and the BME. b: Photograph of X-ray film of this .
specimen; note the position of the BME, which moved during the .Y

2 month interval after insertion into the stump. The new bones ) ]
in this view appear as gray masses at the distal portion of the stump. ¢: Low-power photomicrograph of the distal portion

of the stump that contains new bones with bone marrow (bm) and cartilage (¢) juxtaposed to, and formed around, the fetal
neural implant (ft). x 32. d: Deeper section of new bone in (c) demonstrates a wide epiphyseal plate (arrow). x 80. e: Enlargement
of the fetal implant in (c) to show the presence of large numbers of neurons. A portion of the implant (arrow) has grown into

the underlying tissue, whereas the rest of the border is distinct. x 192.
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TABLE 2. Effect of age of tetal implant on formation of new bones

Fetal
impiant
age No. Implant Implant With Average No.
day) impianted rgroup) found new bones new bones
12 9 CNS (V) 9 9 3
3 CNS - BME (VD 3 3 7
2 Heart (11 2 \] 0
Subtotal 14 14 12 4.78
4 \7 CNS V) 13 9 h
9 CNS + WIRE (VID 7 4 2
3 CNS without
amputation (I1D) 3 1« 0
Subtotal 29 23 13 2
8 12 CNS + BME (VD) 7 0 0
1 CNS + WIRE (VID Q 0 0
2 CNS without
amputation (III) 0 0 0
3 Heart (I1) 3 0 0
Subtotal 18 10 0 0
Total 61 47 25 3.32

See Table | for explanation of implant.
2 Small amount of cartilage.

length/total humeral length) in the various groups
sacrificed at 2 or 3 months postamputation were
measured on histological sections and are presented
in Fig. 3. In all cases maximum growth of bone at
the severed end of the humerus occurred in the rats
implanted with 18 day fetal neural tissue along with
the BME. In addition, the BME appeared 1o en-
hance the growth of nerve fibers into the distal por-
tion of the limb (Fig. 6d), a phenomenon previously
noted when BME was implanted in amputated rat
limbs (19) and when agar salt-bridge electrodes
were implanted into amputated frog limbs (4).

Group VII consisted of 10 animals that received
fetal neural tissue plus a single wire to investigate
the effects of mechanical irritation on the bone-in-
ducing capacity of fetal neural tissue. The implant
was found in seven animals. and four of these (57%)
contained new bones with an average of two bor.ss
each. Comparing these results with those of Group
V, the single wire did appear to depress the for-
mation of new bones by the fetal implants, while
not affecting humeral growth to any extent.

There were obvious differences in the bone-in-
ducing capacities of fetal neural tissue at the devel-
opment ages used in this study (see Table 2). The
graft survival was best and formation of new bones
was greatest with 12 day fetal neural tissue. When
CNS alone was implanted, all nine implants lived
and all nine contained new bones with an average
of four new bones in each limb. In combination with
BME three of three 12 day implants survived with

an average of seven new bones in each limb. Using
neural implants from 14 day fetuses. the survival
rate dropped from 100 to 69% (nine of 13) with CNS
alone and to 57% (four of seven) with CNS com-
bined with BME with the average number of new
bones reduced to two. With 18 day fetal neural
tissue in combination with BME, there was a total
failure to induce formation of new bones. However,
new growth of the cut humerus was stimulated to
the greatest degree in these animals. A synergistic
action occurs with implanted BME and 18 day
neural tissue since BME alone was not as effective
as the combination of BME and older neural tissue.
Thus. it appears that maximal tissue regeneration
occurs with the younger neural implants in combi-
nation with BME, whereas maximal humeral
growth is achieved with the older neural implants
in combination with the BME.

DISCUSSION

We have found that implantation of 12-14 day
fetal neural tissues into amputated stumps of young
rats induced the formation of multiple new bones
containing bone marrow and epiphyseal plates. In
each case the sites of these new skeletal elements
correlate with the presence of differentiating fetal
nervous tissue. In contrast, implants of fetal heart
tissue induced no new bone formation. In animals
implanted with neural tissue some of the new bones
were juxtaposed to the severed end of the host hu-
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Host Nerve

FIG. 6. Experimental rat, Group VI, 2 months postamputation and implantation of 18 day fetal spinal cord with bimetatlic
electrode (BME) a: Diagram of rat limb illustrates cross sections of the BME, elongation of the humerus beyond the line of
amputation, cartilage at the end of this growth, and excessive host nerve tissue growing out toward the regenerated area. b:
Enlargement of the most distal portion of the growing humerus. Cartilage (¢) next to the electrode has been invaded by blood
vessels. x 374. c: Photograph of X-ray film of this specimen shows the tinal position of the BME at the time of sacrifice. d: Low-
power photomicrograph of the most distal portion of the stump that incluces the growing end of the humerus. The cross-
sectioned electrodes are found next to the new bony portion of the humerus. Bundles of host nerve fibers (n) have grown into

this area. x28.

merus, so that a pseudojoint was formed. The final animals in which the implant grew near the distal
focation of the fetal CNS could not be controlled. end of the humerus.
perhaps due to limb movement. Therefore, struc- The average number of new bones correlates di-

tures resembling joints were found only in those rectly with the age of the fetal nerve implant. The
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AVERAGE NUMBER OF NEW BONES

] T T

12 i 1 18
AGE OF FETUS

FIG. 7. Correlation of the numbers of new bones induced
with the age of the fetus from which the implant was taken.
The highest number of new bones formed (4.75) is obtained
with 12 day fetal neural tissue implants.

younger the fetus from which the implant is taken.
the greater the number of new bones formed (Fig.
7 and Table 2). These results suggest that younger
neural tissue implants either grow better after trans-
plantation than do older implants or have a greater
capacity to induce new bones. Our material sug-
gests that both factors may be involved. The
younger implants contained fewer necrotic areas
and appeared to grow. larger than the older im-
plants, demonstrating improved survival and prolif-
eration. New bones found in association with the
younger implants showed a greater tendency to de-
velop in direct contact with the neural tissue than
did those bones formed in response to the older
implants. The effects noted may be interpreted as
an indication of reduced inductive capacity as the
neural tissue ages. Results of experiments in the
chick embryo (unpublished results) show that by 8
days of incubation the neural tissue no longer has
the capacity to induce regeneration of the middle
and distal limb segments. This is in contrast to dem-
onstrated inductive capacities at 2 and 4 days.

In Table 2 data obtained from animals with im-
planted fetal neural tissue alone were compared
with that obtained from animals implanted with
fetal neural tissue and BME. The combination of 12
day nerve implants with BME yielded the greatest
number of new bones, seven, formed per animal.
The source of the cells forming these new bones

has not been ascertained. Mesenchymal-like ele-
ments are likely candidates. These results are con-
sistent with the well-documented effects of electric
current on bone repair and new bone formation in
animal models and in humans (reviewed in 22).

The results obtained in this study are not as dra-
matic as those obtained in chick embryos in which
implantation of 2 day embryonic neural tube into 4
day amputated limbs (Type lII response) resulted
in regeneration of middle and distal segments. The
growth of several tissues, however, is significant as
it demonstrates that the rat has the potential to re-
spond to provocative signals by forming completely
new tissue. The response that we obtained in the
young rat is directly comparable with the “*Type 11
response®’ that.was seen in chick embryos (8). In
this group the implantation of 2 day .neural tube
resulted in tissue regeneration only, producing extra
bones in the proximal segment. ‘

In 1968 Mizell (12) reported that implants of ner-
vous tissue effectively induced regeneration of the
distal segment of hindlimbs of the newborn
opossum. At birth the hindlimbs of the opossum are
essentially in the fetal stage, so that one can assume
that mammalian fetuses are able to undergo epi-
morphic regeneration under unique experimental
conditions. Our objective was to determine the ex-
tent to which an older mammal can respond to im-
planted neural tissue.

This investigation is not the first to show that the
rat is capable of extraordinary repair and has the
"capacity to form new bones. In 1972 Becker (2)
demonstrated ectopic bone formation in amputated

" rat forelimbs as a result of DC stimulation. These

bones were formed rapidly and disappeared with
age. However, new epiphyseal plates at the cut end
of the humerus were prominent. In 1979 Sisken et
al. (19) and Libbin et al. (11) reported similar results
using DC provided by BME in amputated rat fore-
limbs. Both groups of investigators found extraor-
dinary epiphyseal plate formation on the distal por-
tion of the humerus.

In our 1979 study we also injected nerve growth
factor (NGF) into the amputated limbs of a group
of animals; in 40% of the animals ectopic bones
were formed. These new bones were small and
were found only in rats sacrificed 1 month after
amputation. The induction of new bones after ad-
ministration of a neurotropic substance such as
NGF or implantation of neural tissue supports the
thesis proposed by Singer (18). He suggested that
nerve lissue in the limb secretes neurotrophic sub-
stances that may be involved in the stimulation of
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tissue and limb regeneration. The greater the
number or caliber of nerves per unit amputation
area, the larger the amount of trophic agent deliv-
ered. He and Rzehek found. for instance (15). that
in the mammal (mouse) the limb contains only 16%
of the number of nerves per unit area of amputated
limb as that found in the newt. These nerves are
also thinner. Such a paucity of innervation to an
amputated limb would probably result in insuffi-
cient neurotrophic substance delivered, and thus a
lack of regenerative ability. Augmentation of the in-
nervation of the limb by implanted neural tissue ap-
pears to be a logical method to increase this ratio
and in newborn opossum and chick embryos ap-
pears an adequate substitute for the nerve fiber de-
ficiency, thereby facilitating replacement of the
distal limb segments. However, in our experiments
using older mammals there is an indication that an
increase in nerve supply alone is inadequate to in-
duce complete limb regeneration. New skeletal ele-
ments were found that could perhaps represent fu-
ture elements of middle and distal segments, but
true limb regeneration did not occur.

It is not surprising that new skeletal tissue was
found after DC administration. Many cases have
been cited in the literature on electric field stimu-
lation of cartilage and bone in vivo and in vitro (2-
4,6,7,11,13,19-22). In addition, the importance of
the nervous system in bone growth has been illus-
trated by the experiments of Bunch et al. (5). De-
nervation of rat hindlimbs followed by below-knee
amputation reduced the mass and length of the am-
putated tibia. There was a direct correlation be-
tween the absence of innervation and the decrease
in rate of periosteal mitosis. In the present study
supplementing the neural tissue implant with DC
stimulated new mesenchymal differentiation and
neurite outgrowth from the host peripheral nerves.
However, this combination of treatments stimu-
lated greater numbers of ectopic bones but failed to
induce the proper relations of new skeletal elements
in the amputated limbs.

The mechanisms by which implanted fetal nerve
tissue stimulates osteogenesis in amputated limbs
are as yet unknown. It appears from our work that
amputation is necessary to activate this process, for
implantation of fetal nerve tissue in normal limbs
failed to induce ectopic bone formation. Our hy-
pothesis is that bone formation may be induced by
trophic substances produced by the implanted
nerve cells. These substances may be similar to
those that induce complete regeneration of ampu-
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tated limbs in other vertebrates. Our observations
indicate a direct relationship between the age of the
nerve implant and the number of new bones formed.
and an inverse relationship between the age of the
implant and the number of neurons that survive.
That is, the younger the implant. the more surviving
neurons available to secrete trophic factors that in-
duce a greater number of new bones.

This approach to the study of mammalian limb
regeneration does appear to offer some hope for
future success based on the following observations:
{a) Many of the ectopic bones formed had the struc-
ture of a long bone, that is. they had an epiphyseal
plate at each end, forming two epiphyses separated
by a diaphysis. (b) In some cases there were ap-
parent attempts to form synovial joints between the
ectopic bones ‘or between these bones and the host
humerus. (c) Several of the specimens showed that
host skeletal muscles achieved an attachment to the
ectopic bones so that movement of the new bones
could occur.

Functional replacement of a whole limb after
ablation, which occurs naturally in salamanders,
has yet to be accomplished in adult mammals. Fu-
ture studies to determine the basis of the inductive
capabilities of implanted fetal nerve tissue and ap-
plied DC on the reactive stump tissue should pro-
vide information to assist in achieving the ultimate
goal of limb regeneration in adult mammals.
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